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3	 Specific	 aim	 1:	 To	 isolate	 sub-telomeric	 sequences	 from	 pig	 and	 cattle	 genome	













genome	 assembly	 information	 in	 the	 porcine	 assembly	 accurately	 represents	
chromosomal	position	in	the	sub-telomeric	regions	.......................................................	103	


















4	 Specific	aim	2:	To	apply	 the	 technology	developed	 in	 specific	aim	1	 for	 the	solving	of	






4.4.1	 Specific	 Aim	 2a:	 To	 develop	 a	 means	 of	 identifying	 all	 sequenced	 avian	
chromosomes	in	a	single	experiment	by	molecular	cytogenetics	...................................	118	















with	 a	 bioinformatics	 approach	 developed	 by	 colleagues	 at	 the	 Royal	 Veterinary	 College,	



















































6.4.3	 Specific	 Aim	 4c:	 To	 use	 the	 cytogenetic	 tools	 (sequence	 conserved	 BACs)	
developed	in	chapter	4	to	investigate	genome	conservation	between	avian	and	non-avian	
reptiles	 167	
6.4.4	 Specific	 aim	 4d:	 To	 use	 a	 similar	 approach	 to	 specific	 aim	 4a	 to	 infer	 the	
arrangement	of	saurian	ancestor	chromosomes	and	trace	the	evolution	of	chromosomal	
rearrangements	 from	the	divergence	of	 the	 saurian	ancestor,	 to	 the	appearance	of	 the	
common	avian	ancestor	and	from	there	onwards	to	the	extant	chicken	lineage	...........	171	
6.4.5	 Specific	 aim	4e:	 To	analyse	 gene	ontology	 terms	 in	 the	HSBs	and	EBRs	of	 this	









































Figure	 1-10:	 Schematic	 representation	 of	 array-CGH,	 where	 target	 and	 reference	 DNA	 are	
labelled	and	hybridised	together	with	the	addition	of	COT-1	DNA	to	block	repetitive	sequences,	









Figure	 1-16:	 Syntenic	 blocks	 between	 human	 and	 mouse	 superimposed	 on	 to	 the	 mouse	
genome,	illustrating	a	significant	level	of	genomic	rearrangement	(Waterston	et	al.	2002).	...	36	
Figure	1-17:	Screenshot	of	Evolution	Highway,	showing	the	alignments	of	multiple	mammalian	








other	 closely	 related	 species	 with	 (A)	 showing	 PhyloView	 which	 illustrates	 the	 gene	 in	 a	






Figure	 1-21:	 Distribution	 of	 chromosomal	 inversions	 between	 humans	 (on	 the	 left)	 and	 the	
chimpanzee	homolog	(on	the	right)	inferred	from	sequence	comparisons	(Feuk	et	al.	2005).	.	46	
Figure	1-22:	Structural	chromosome	rearrangements.	 (a)	Reciprocal	 translocation,	 illustrating	















Figure	 1-27:	 Variation	 in	 diploid	 chromosome	 number.	 a)	 Metaphase	 spread	 of	 the	 Indian	
Muntjac	 (Muntiacus	 muntjak)	 where	 2n=6/7.	 b)	 Metaphase	 spread	 of	 the	 Viscacha	 rat	
(Tympanoctomys	barrerae)	where	2n=102	(Graphodatsky	et	al.	2011).	...................................	54	











Figure	 1-30:	 Karyotype	 of	 the	 Burmese	 python	 (Python	 morolus;	 2n=36)	 a)	 Giemsa	 stained	
karyotype	b)	C-banded	sex	chromosomes	(Matsubara	et	al.	2006).	.........................................	56	
Figure	1-31:	Giemsa	stained	karyotype	of	 the	Chinese	soft-shelled	 turtle	 (Pelodiscus	 sinensis;	
2n=66)	(Matsuda	et	al.	2005).	....................................................................................................	57	





and	 (b)	 hybridise	 the	 F1	 hybrid	 is	 heterokaryotypic.	 (c)	 illustrates	 the	 traditional	 speciation	
theory	 (hybrid	dysfunction	model)	 leading	 to	underdominance.	 (d)	 illustrates	 the	suppressed	
recombination	model	which	states	that	suppressed	recombination	in	the	heterokaryotype	will	


































Figure	3-4:	Labelled	probes	 for	SSC7	 illustrating	a	 reciprocal	 translocation	between	SSC7	and	
SSC10.	Scale	bar	10μm.	............................................................................................................	107	
Figure	3-5:	Labelled	BAC	clones	for	SSC5	(p-arm	labelled	in	FITC	and	q-arm	labelled	in	Texas	Red)	
showing	 a	 translocation	 between	 chromosome	 5	 and	 6	 despite	 suboptimal	 chromosome	
preparation.	Scale	bar	10μm.	...................................................................................................	109	














Figure	 4-4:	 Chicken	microchromosome	probes	 (GGA23p	 -	 CH261-191G17	 and	GGA23q-arm	 -	








revealed	by	 testing	BACs	 from	chicken	chromosome	24	 (CH261-103F4	FITC	and	CH261-65O4	
Texas	Red).	Scale	bar	10μm.	....................................................................................................	130	
Figure	4-6:	Ideogram	for	12	of	the	18	species	tested	here	(duck,	pigeon,	ostrich,	turkey,	houbara,	
pharaoh	 eagle	 owl,	 collared	dove,	 Eurasian	woodcock,	 Japanese	 quail,	 Chinese	 quail,	 guinea	
fowl,	blackbird	and	canary),	 illustrating	microchromosomal	conservation	across	all	12	species	











one	 less	 microchromosome	 fusion	 and	 fewer	 interchromosomal	 rearrangements	 in	 the	
macrochromosomes.	...............................................................................................................	134	
Figure	4-10:	Hybridisation	of	GGA18	BACs	 (CH261-60N6-Fitc	 and	CH261-72B18-Texas	 red)	 to	
peregrine	 falcon	 (Falco	 peregrinus)	 metaphases	 illustrating	 fusion	 of	 ancestral	
microchromosome	to	a	macrochromosome.	Scale	bar	10μm.	................................................	135	
Figure	4-11:	Ideogram	representing	overall	karyotypic	structure	of	the	peregrine	falcon	(Falco	
peregrinus	 -	 FPE)	 illustrating	 an	 extensive	 amount	 of	 interchromosomal	 rearrangement	
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Figure	 5-1:	 Ideogram	 representation	 of	 pigeon	 (CLI)	 chromosomes	 and	 their	 chicken	 (GGA)	
homologs.	.................................................................................................................................	146	
Figure	 5-2:	 Cytogenetic	 and	 PCF	 mapping	 of	 pigeon	 chromosome	 2	 (CLI2)	 using	 FISH;	 (a)	
Evolution	highway	alignment	of	zebra	finch,	chicken	and	pigeon	genomes	alongside	the	PCFs	
produced	by	RACA	and	the	BACs	that	map	in	this	region;	(b)	Cytogenetic	map	of	BACs	 in	the	















falcon	 genome	 for	 chromosomes	 1	 to13	 (http://eh-demo.ncsa.uiuc.edu/birds-
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Figure	6-1:	Evolution	Highway	screenshot	of	5	avian	genomes	and	the	outgroup	(anole	lizard)	
aligned	 to	 chromosomes	 5	 and	 11	 of	 the	 reference	 genome	 -	 the	 chicken.	 Pink	 blocks	 are	
indicative	 of	 an	 inversion	 compared	 to	 the	 reference	 (chicken)	 genome	 and	 numbers	 in	 the	
blocks	reflect	the	chromosome	number	of	that	species	or	the	scaffold	number	in	the	budgerigar	
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Figure	6-2:	Avian	ancestor	 chromosome	5	and	 the	 likely	 rearrangements	 that	have	occurred	
along	 each	 lineage	 to	 the	 extant	 bird.	 Rainbow	 patterned	 arrows	 within	 the	 chromosomes	
represent	the	HSBs,	red	curved	arrows	indicate	chromosome	inversions,	blue	arrows	indicate	














Figure	 6-6:	Dual	 colour	 FISH	of	GGA24	probes	 hybridised	 to	 3	 phylogenetically	 distant	 avian	








Figure	 6-7:	 Dual	 colour	 FISH	 of	 GGA26	 illustrating	 a	 microchromosomal	 pattern	 in	 three	
representative	 avian	 species	 (a)	 Columba	 livia,	 (b)	 Coturnix	 japonica,	 (c)	 Cyanoamphus	
novaezelandia	 and	 the	 position	 of	 the	 same	 BACs	 hybridising	 to	macrochromosomes	 of	 (d)	




Figure	 6-9:	 HSB	 coverage	 relative	 to	 the	 chicken	 genome	 where	 blue	 bars	 represent	 GGA	
chromosome	length	and	the	red	bars	represent	HSB	coverage	of	each	chromosome.	..........	172	
Figure	 6-10:	 Ideogram	 of	 saurian	 ancestor	 CARs	 (SAA)	 derived	 from	MGRA2	with	 their	 GGA	










Figure	 6-13:	 Inter	 and	 intrachromosomal	 rearrangements	 between	 saurian	 ancestor	





































Table	 3-4:	 Correctly	mapped	 subtelomeric	 cattle	 BACs	 by	 chromosome	 from	 the	 CHORI-240	
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Table	 4-7:	 List	 of	 avian	 species	 tested	 using	 two	 selected	 BACs	 per	 reference	 (chicken)	
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Table	 6-5:	 Number	 of	 the	 type	 of	 chromosomal	 rearrangement	 that	 occurred	 between	 the	
saurian	ancestor,	the	avian	ancestor	and	the	extant	chicken	genome.	...................................	177	
















































Chromosomal	 (karyotypic)	 analysis	 in	 animals	 is	 performed	 for	 three	 primary	 reasons:	 to	
diagnose	genetic	disease;	to	map	genes	to	their	place	in	the	genome	and	to	retrace	evolutionary	
events	by	cross	species	comparison.	Technology	for	analysis	has	progressed	from	chromosome	
banding	 (cytogenetics),	 to	 fluorescence	 in-situ	 hybridisation	 (FISH	 -	 molecular	 cytogenetics)	
through	 to	 microarrays	 and	 ultimately	 whole	 genome	 sequence	 analysis	 (cytogenomics	 or	
chromonomics).	 Indeed,	 the	 past	 10-15	 years	 has	 seen	 a	 revolution	 in	 whole	 genome	











reduced	 fertility)	 and	at	 a	population	 level	 leading	 to	 reproductive	 isolation	and	 subsequent	
speciation.	The	purpose	of	this	thesis	was	to	 implement	a	step	change	in	the	combination	of	
FISH	 technology	 with	 genome	 sequence	 data	 to	 provide	 greater	 insight	 into	 the	 nature	 of	








The	 first	 was	 to	 isolate	 sub-telomeric	 sequences	 from	 the	 pig,	 cattle	 and	 chicken	 genome	
assemblies	 to	 develop	 a	 tool	 for	 the	 rapid	 screening	 of	 chromosome	 rearrangements.	 Now	
routinely	 used	 for	 porcine	 translocation	 screening	 (and	 in	 the	 future	 bovine	 screening),	
development	work	revealed	serious	integrity	errors	in	the	pig	genome.	The	second	aim	was	to	
isolate	 evolutionary	 conserved	 sequences	 from	 avian	 chromosomes	 to	 create	 a	 means	 of	
screening	 for	macro-and	microchromosomal	 rearrangements	 in	 birds.	 Results	 confirmed	 the	





birds	 allowed	 an	 assessment	 of	 chromosome	 evolution	 along	 the	 saurischia-maniraptora-
avialae	 lineage.	 Analysis	 of	 evolutionary	 breakpoint	 regions	 (EBRs)	 allowed	 testing	 of	 the	






































karyotypes	 of	 several	 species	 (pig,	 human,	 bird	 and	mouse)	 are	 illustrated.	 In	 each	 case,	 an	













cystic	 fibrosis	 transmembrane	 regulator	 gene	 is	 defined	 as	 being	 7q31,	 this	means	 that	 it	 is	
found	on	the	long	(q)	arm	of	human	chromosome	7,	major	band	3,	minor	band	1	(Rommens	et	









a	karyotypic	 level	can	 impose	species	barriers,	 in	which	hybrids	of	species	with	two	different	
karyotypes	are	 compromised	 in	 their	 ability	 to	 reproduce,	 resulting	 in	 reproductive	 isolation	
(Brown	&	O’Neill	2010).	An	analogous	effect	can	be	seen	in	humans	(and	other	animals)	who	
are	 heterozygous	 for	 a	 chromosome	 rearrangement	 (e.g.	 a	 translocation	 or	 inversion)	 and,	
although	phenotypically	 normal	 (as	 there	 is	 no	 gain	or	 loss	 of	DNA)	display	 reduced	 fertility	





This	 thesis	 is	 concerned	with	 aspects	 of	 karyotypic	 (cytogenetic)	 screening	 for	 compromised	












(staining	 with	 the	 fluorescent	 dye	 quinacrine,	 Hoescht	 33258	 or	 DAPI	 –	 4’,6-diamidino-2-
phenylindole),	 R-banding	 (reverse	Giemsa	 staining),	 T-banding	 (identification	 of	 the	 R	 bands	















10	Mb	 in	 size,	 particularly	 if	 bands	 of	 similar	 intensity	 are	 exchanged	 (Martin	&	Warburton	
2015).	 Since	 the	 landmark	discoveries	 in	 1959	of	 the	 link	between	Down	 syndrome	and	 the	
presence	of	an	additional	chromosome	21	by	Lejeune	and	colleagues	(Lejeune	et	al.	1959)	along	
with	 the	 finding	 by	 Jacobs	 and	 Strong	 (1959)	 that	 an	 additional	 X	 chromosome	 leads	 to	
Klinefelter	 syndrome,	 karyotyping	 has	 been	 extensively	 used	 as	 a	 means	 of	 screening	 for	
chromosomal	 abnormalities.	 The	 identification	of	 the	Philadelphia	 chromosome	 (the	 genetic	
cause	of	chronic	myeloid	leukaemia-CML)	soon	after	by	Nowell	and	Hungerford	(1960)	followed	
by	the	introduction	of	Q-banding	and	G-banding	for	higher	resolution	analysis	by	Janet	Rowley	
in	 1973	 (Rowley	 1973)	 led	 to	 the	 identification	 of	 thousands	 of	 other	 chromosomal	
rearrangements	associated	with	cancer	(Mitelman	2005).	The	karyotype	rapidly	became	a	vital	












of	 chromosomal	 screening	 have	 been	 established	 with	 a	 particular	 focus	 on	 screening	 for	
translocations	 in	boars	 and	bulls,	with	perhaps	 the	best	 known	 translocation	being	 the	1:29	
Robertsonian	translocation	 in	bulls	 (Gustavsson,	1979).	This	has	 led	to	 the	 identification	of	a	
significant	number	of	further	chromosomal	rearrangements	in	otherwise	phenotypically	normal	
boars	and	bulls	 as	well	 as	 leading	 to	 the	birth	of	 so	 called	animal	 ‘clinical’	 cytogenetics.	 The	
largest	centre	of	animal	chromosome	screening	 is	based	in	the	National	Veterinary	School	of	
Toulouse,	France,	however	since	the	turn	of	the	century	there	has	been	a	gradual	reduction	in	









interest	on	 the	chromosome.	The	BAC	 (within	a	bacterial	host)	 is	 grown	and	purified	before	
labelling	with	a	 fluorophore	either	directly	using	nick	 translation	or	 indirectly	using	PCR.	The	
probe	 is	 then	denaturated	alongside	 the	 target	DNA,	 then	hybridised	 to	 fixed	metaphase	or	
interphase	 chromosome	 preparations	 allowing	 for	 annealing	 of	 the	 probe	 DNA	 to	 the	
complementary	 DNA	 sequence	 on	 the	 chromosome	 of	 interest	 (Speicher	 &	 Carter	 2005)	 as	
illustrated	 in	 Figure	 1-4.	 The	 labelled	 sequence	 can	 then	 be	 visualised	 under	 a	 fluorescence	
microscope.	Using	probes	in	this	manner	allows	for	precise	mapping	of	chromosomal	regions	





















patterns	 are	 indistinguishable.	 Given	 that	 the	 nature	 of	 reciprocal	 translocations	 inevitably	
involves	the	ends	of	the	chromosome,	the	ability	to	highlight	these	regions	with	a	FISH	probe	
enables	visualisation	of	affected	chromosomes.	The	coupling	of	sub-telomeric	probes	and	FISH	






















(or	 sub	 chromosomal	 region)	 libraries	 as	 probes.	 It	 is	 used	 widely	 in	 clinical	 cytogenetics	
(Telenius	 et	 al.	 1992;	 Carter	 et	 al.	 1992)	 and	 has	 been	 extensively	 used	 as	 a	 method	 for	
comparing	genomes	of	distantly	related	species.	Homologous	DNA	sequences	between	whole	
chromosomes	can	be	detected	using	this	method	by	hybridising	DNA	from	single	chromosomes	
of	one	species	onto	 the	chromosomes	of	another	 (also	known	as	 zoo-FISH)	 (Chowdary	et	al.	
1998).	The	source	DNA	is	typically	derived	from	a	fluid	suspension	of	chromosomes	that	is	sorted	
and	 separated	 using	 a	 dual	 laser	 flow	 cytometer	 (Ferguson-Smith	 1997).	 The	 DNA	 is	 then	
amplified	by	a	whole	genome	amplification	protocol	and	labelled	with	fluorophores	to	enable	
detection	 under	 a	 fluorescence	 microscope	 (Rens	 et	 al.	 2006).	 Regions	 of	 homology	 are	
therefore	 revealed,	 such	 as	 those	 shown	 in	 Figure	 1-6,	 where	 paints	 derived	 from	 gibbon	






involving the ends of chromosomes
have emerged as an important cause
of genetic disease given the gene-rich
nature of the regions adjacent to the
telomeres.1 The importance of such
subtelomeric chromosome
rearrangements has been clearly
shown by their observed association
w ith unexplained mental retardation
and congenital abnormalities.2
Individual subtelomere specific probes
have been used to focus on particular
subtelomeric regions and have
resulted in the establishment of new
syndromes such as the chromosome
1p36 deletion syndrome3 and the
22q13.3 deletion syndrome.4 The
probes are also finding applications in
the investigation of autistic disorders5,
recurrent miscarriages6 and
haematological malignancies.7
Cytocell’s subtelomere specific probes are located in the most distal
region of chromosome specific DNA on each chromosome. Beyond this
unique sequence material is the 100 to 300 kb region of telomere
associated repeat, followed by the cap of between 3 to 20 kb of
tandemly repeated (TTAGGG)n sequence.8
The probes have been chosen from the most distal unique sequence to
provide the best possible chromosome specificity whilst also being the
most subtelomeric probes available that are capable of being used
routinely to examine subtelomere enumeration and integrity.
The original second-generation set of probes is derived from PAC
clones9 and was established in conjunction w ith the Institute of
Molecular Medicine, part of Oxford University in the UK. Continuing










































et	 al.	 2001;	 Masabanda	 et	 al.	 2004),	 the	 generation	 of	 chromosome	 paints	 for	 chicken	
chromosomes	1-9	plus	Z	and	W	 led	 to	a	 surge	 in	avian	comparative	genomics	 research	 (e.g.	
Shetty	et	al.	1999;	Raudsepp	et	al.	2002;	Shibusawa	et	al.	2002;	Itoh	&	Arnold	2005;	Griffin	et	al.	
2007;	Nanda	et	al.	1999;	Nanda	et	al.	2011;	Nishida	et	al.	2008).	A	high	degree	of	success	has	
been	accomplished	using	 these	paints	with	 results	achievable	 in	 species	as	evolutionarily	 far	
removed	from	each	other	and	from	chicken	as	falcons,	ostrich	and	emus	(Nishida	et	al.	2008;	

























































































































































































































































































Box 1 | How chromosomes are painted
Chromosome painting is a form of fluorescence in situ hybridization 
(FISH) that has been highly productive in the construction of chromosome 
homology maps. The technique is described here using a gibbon–human 
comparison. A human metaphase and interphase nucleus is shown in 
panel a after hybridization with a chromosome-specific paint probe set 
that was derived from gibbon chromosomes. The probe set was made 
from a fluid suspension of gibbon chromosomes that were sorted and 
separated in a dual laser flow cytometer27. Several hundred of each pair in 
the karyotype were collected in separate tubes. DNA in each tube was 
amplified by random-primed PCR26 and labelled with a combination of 
five fluorochromes so that each chromosome-specific DNA had a unique 
colour combination24,27,65. A mixture of the complete set of labelled DNA 
probes was then hybridized in annealing conditions to denatured human 
metaphases that were fixed and air-dried onto microscope slides. Under 
these conditions, the gibbon paint probes anneal to complementary DNA 
sequences on human chromosomes, and the result (as shown in panel a) 
can be observed by digital fluorescence microscopy. The homology map 
of gibbon chromosomal segments on human chromosomes that is derived 
from this painting experiment is shown in panel b. The reciprocal exercise 
using human paints on gibbon (shown  
in panel c) serves to identify those parts of each gibbon chromosome that 
are homologous to each human chromosome. Panels b and c are taken 
from the CHROMHOME database, which provides many useful 
chromosome homology maps between species, and is compiled by the 
Cambridge Resource Centre for Comparative Genomics.
REVIEWS







Figure	 1-7:	 Dual	 colour	 FISH	 of	 GGA	macrochromosome	 paints	 GGA6	 (red)	 and	GGA7	 (green)	 on	A.	 roseicollis	
chromosomes	(Nanda	et	al.	2007).	
	
Unlike	 the	 research	 performed	 on	mammalian	 chromosomes,	 hybridisation	 across	 a	 greater	
evolutionary	distance	is	possible	with	chicken	chromosome	paints.	For	example,	homology	has	




‘pools’	 of	 microchromosomes	 rather	 than	 being	 assigned	 to	 separate,	 entire	 chromosomes	
(Lithgow,	O’Connor	R.E.	et	al.	2014).	Whilst	able	to	define	whole	blocks	of	homology	between	




 Cytogenet Genome Res 117:43–53 (2007) 49
 Chromosome homology between chicken (GGA) and 
Agapornis roseicollis (ARO) 
 The ten GGA macrochromosome paints distinctly 
 recognize 16 homoeologous segments in the genome of 
 A. roseicollis ( Figs. 2 , 5c). Six paints (GGA3, 5, 6, 7, 8 and 10) 
each delineated one homoeologous chromosome or chro-
mosomal segments. Among these, GGA3 and GGA5 paint-
ed about 75% (larger area) of the hybridized chromosomes 
1 and 8 of ARO, respectively. The signals for the GGA paints 
(6, 7, 8 and 10) were restricted to one or two short segments 
of larger bi-armed chromosomes. Interestingly, both GGA6 
and GGA7 paints generated split hybridization signals on 
the long arm of ARO chromosome 6. Furthermore, ho-
moeologous regions corresponding to GGA8 and GGA9 are 
found to be on the long arm of ARO chromosome 5.
 The GGA paints 1, 2, 4 and 9 detect two chromosomes 
simultaneously ( Fig. 2 ). Intriguingly, one of these labeled 
chromosomes displays a partial homology with another 
GGA chromosome. For example, the GGA1 paint labels the 
whole ARO chromosome 3 and the long arm of chromo-
some 4, whereas the short arm of ARO4 is in part detected 
by the GGA4 paint ( Figs. 2 , 5c). The hybridization signal of 
 Fig. 5. Two-color FISH of chicken (GGA) 
macrochromosome 6–9-specific paints on 
 A. roseicollis  chromosomes showing contig-
uous hybridization patterns. ( a ) GGA6 (red) 
and GGA7 (green). ( b ) GGA8 (red) and 
GGA9 (green). Note that GGA9 detects an 
additional segment on the smaller macro-
chromosome 9. ( c ) Schematic representation 
compiling the hybridization patterns of in-
dividual chicken macrochromosome paints 
on the chromosomes of the three species of 
Psittaciformes analyzed. Each chicken chro-
mosome paint is represented by different 
colors to follow the corresponding homoeol-
















































 Fig. 4. FISH of chicken (GGA) macrochromosome 1–10-specific 
paints on the chromosomes of  N. hollandicus  (NHO). The hybridiza-







Order	 Common	Name	 Species	Name	 Author	 		 Order	 Common	Name	 Species	Name	 Author	
Accipitriformes	 Bearded	vulture	 Gypaetus	barbatus	 Nanda	et	al.	2006	 		 Galliformes	 Chinese	quail	 Coturnix	chinensis	 Shibusawa	et	al.	2004	
Accipitriformes	 Common	buzzard	 Buteo	buteo		 Nie	et	al.	2015	 		 Galliformes	 Common	peafowl	 Pavo	cristatus	 Shibusawa	et	al.	2004	
Accipitriformes	 Grey	hawk	 Asturina	nitida		 de	Oliveira	et	al.	2013	 		 Galliformes	 Golden	pheasant	 Chrysolophus	pictus		 Guttenbach	et	al.	2003	
Accipitriformes	 Griffon	vulture	 Gyps	fulvus	 Nanda	et	al.	2006	 		 Galliformes	 Guinea	fowl	 Numidea	meleagris	 Shibusawa	et	al.	2002		
Accipitriformes	 Griffon	vulture	 Gyps	fulvus	 Nie	et	al.	2015	 		 Galliformes	 Guinea	fowl	 Numidea	meleagris	 Shibusawa	et	al.	2004	
Accipitriformes	 Harpy	eagle	 Harpia	harpyja		 de	Oliveira	et	al.	2005	 		 Galliformes	 Japanese	quail	 Coturnix	japonica	 Guttenbach	et	al.	2003	
Accipitriformes	 Himalayan	vulture	 Gyps	himalayensis		 Nie	et	al.	2015	 		 Galliformes	 Japanese	quail	 Coturnix	japonica	 Shibusawa	et	al.	2004	
Accipitriformes	 Mountain	hawk-eagle	 Nisaetus	nipalensis		 Nishida	et	al.	2013	 		 Galliformes	 Lady	Amherst’s	pheasant	 Chrysolophus	amherstiae	 Shibusawa	et	al.	2004	
Accipitriformes	 Osprey	 Pandion	haliaetus		 Nishida	et	al.	2014	 		 Galliformes	 Plain	chachalaca	 Ortalis	vetula	 Shibusawa	et	al.	2004	
Accipitriformes	 Roadside	hawk	 Rupornis	magnirostris	 de	Oliveira	et	al.	2013	 		 Galliformes	 Ring	necked	pheasant	 Phasianus	colchicus		 Guttenbach	et	al.	2003	
Accipitriformes	 Rüppell's	vulture	 Gyps	rueppellii	 Nanda	et	al.	2006	 		 Galliformes	 Ring-necked	pheasant	 Phasianus	colchicus	 Shibusawa	et	al.	2004	
Accipitriformes	 Savanna	hawk	 Buteogallus	meridionalis		 de	Oliveira	et	al.	2013	 		 Galliformes	 Silver	pheasant	 Lophura	nycthemera	 Shibusawa	et	al.	2004	
Accipitriformes	 White	hawk	 Pseudastur	albicollis		 de	Oliveira	et	al.	2010	 		 Galliformes	 Silver	pheasant	 Lophura	nycthemera		 Guttenbach	et	al.	2003	
Anseriformes	 Chinese	goose	 Anser	cygnoides		 Islam	et	al.	2014	 		 Galliformes	 Turkey	 Meleagris	gallopavo	 Griffin	et	al.	2008	
Anseriformes	 Common	swan	 Coscoroba	coscoroba	 Rodrigues	et	al.	2014	 		 Galliformes	 Turkey	 Meleagris	gallopavo	 Shibusawa	et	al.	2004	
Anseriformes	 Domestic	duck	 Anas	platyrhynchos		 Islam	et	al.	2014	 		 Galliformes	 Western	capercaillie		 Tetrao	urogallus		 Shibusawa	et	al.	2004	
Anseriformes	 Greylag	goose	 Anser	anser	 Guttenbach	et	al.	2003	 		 Gruiformes	 Eurasian	coot	 Fulica	atra	 Hansmann	et	al.	2009	
Anseriformes	 Muscovy	duck	 Cairina	moschata		 Islam	et	al.	2014	 		 Passeriformes	 Blackbird	 Turdus	merula	 Guttenbach	et	al.	2003	
Casuariiformes	 Double-wattled	cassowary	 Casuarius	casuarius		 Nishida	et	al.	2007	 		 Passeriformes	 Chaffinch	 Fringilla	coelebs		 Derjusheva	et	al.	2004	
Casuariiformes	 Emu	 Dromaius	novaehollandiae	 Shetty	et	al.	1999	 		 Passeriformes	 Redwing	 Turdus	iliacus	 Derjusheva	et	al.	2004	
Cathartiformes	 California	condor	 Gymnogyps	californianus		 Raudsepp	et	al.	2002	 		 Passeriformes	 Zebra	Finch	 Taeniopygia	guttata		 Itoh	and	Arnold.	2005	
Cathartiformes	 Turkey	vulture	 Cathartes	aura		 Tagliarini	et	al.	2011	 		 Psittaciformes	 Budgerigar	 Melopsittacus	undulatus		 Nanda	et	al.	2007	
Charadriiformes	 Herring	gull	 Larus	argentatus		 Hansmann	et	al.	2009	 		 Psittaciformes	 Cockatiel	 Nymphicus	hollandicus		 Hansmann	et	al.	2009	
Charadriiformes	 Stone	curlew	 Burhinus	oedicnemus		 Hansmann	et	al.	2009	 		 Psittaciformes	 Cockatiel	 Nymphicus	hollandicus		 Nanda	et	al.	2007	
Charadriiformes	 Stone	curlew	 Burhinus	oedicnemus		 Nie	et	al.	2009	 		 Psittaciformes	 Peach	faced	lovebird	 Agapornis	roseicollis		 Nanda	et	al.	2007	
Columbiformes	 Rock	pigeon	 Columba	livia		 Derjusheva	et	al.	2004	 		 Rheiformes	 Greater	rhea	 Rhea	americana		 Nishida	et	al.	2007	
Columbiformes	 Rock	pigeon	 Columba	livia		 Hansmann	et	al.	2009	 		 Rheiformes	 Lesser	rhea	 Pterocnemia	pennata		 Nishida	et	al.	2007	
Falconiformes	 Kestrel	 Falco	tinnunculus	 Nishida	et	al.	2008	 		 Rheiformes	 Rhea	 Rhea	americana		 Guttenbach	et	al.	2003	
Falconiformes	 Merlin	 Falco	columbarius	 Nishida	et	al.	2008	 		 Strigiformes	 Eagle	owl	 Bubo	bubo	 Guttenbach	et	al.	2003	
Falconiformes	 Peregrine	Falcon	 Falco	peregrinus	 Nishida	et	al.	2008	 		 Strigiformes	 Great	grey	owl	 Strix	nebulosa		 Hansmann	et	al.	2009	
Galliformes	 California	quail	 Callipepla	californica		 Shibusawa	et	al.	2004	 		 Struthioniformes	 Ostrich	 Struthio	camelus		 Nishida	et	al.	2007	










regions	 in	the	genome	of	 interest.	 Individual	BAC	clones	of	around	150kb	 in	size	are	used	to	
define	targeted	regions	of	the	genome.	Where	BAC	regions	also	span	a	gene	(unless	the	gene	
has	been	deleted	or	become	a	pseudogene),	the	locus	of	that	gene	can	be	mapped	directly	to	




BAC	mapping	 has	 therefore	 been	 relatively	 underrepresented	 in	 the	 literature,	with	 success	
rates	of	around	70%	being	reported	from	chicken	BACs	used	on	the	very	closely	related	turkey	
(Meleagris	 gallopavo)	 (Griffin	 et	 al.	 2008)	 reducing	 to	 less	 than	 40%	 on	 Pekin	 duck	 (Anas	
platyrhynchos)	 chromosomes	 (Skinner	 et	 al.	 2009)	 and	 10-20%	 on	 zebra	 finch	 metaphases	





Technology	developed	 for	 the	 identification	of	 genetic	disease	 in	humans	has	 facilitated	 the	
detection	of	multiple	hybridisations	on	a	single	microscope	slide	(Knight	et	al.	1996).	Using	a	
slide	that	has	been	divided	into	8	or	24	even	sized	squares	each	of	which	has	been	applied	with	



























probes	 in	 one	 assay	 (Ioannou	 et	 al.	 2011)	 as	 illustrated	 in	 Figure	 1-9.	 Originally	 tested	 on	
interphase	nuclei	of	lymphocytes,	sperm	and	blastomeres,	the	application	of	the	technique	was	















technique,	 target	 genomic	DNA	 and	 a	 reference	DNA	 sample	 are	 labelled	 differentially	with	
fluorophores,	denatured	and	hybridised	together	and	viewed	on	metaphase	preparations	using	
fluorescence	microscopy.	Differences	 in	the	signal	 intensity	produced	along	the	chromosome	




























or	 trinucleotide	 repeats	 and	 smaller	 than	 is	 recognisable	 at	 a	 cytogenetic	 level	 (Zarrei	 et	 al.	
2015).	In	a	landmark	paper,	Redon	and	colleagues	demonstrated	that	a	significant	proportion	of	




CGH	has	 also	 been	performed	 in	 animals	 including	 primates	where	 58	CNVs	were	 identified	
between	chimpanzee	and	humans	(Perry	et	al.	2006).	Hypothesised	to	play	a	role	in	speciation	







5.5	 in	 Lady	Amherst’s	pheasant	 to	39.75	 in	 the	 red-legged	partridge	 (Skinner	et	al.	2014).	 In	
particular,	apparent	copy	number	variation	differences	 relating	 to	 fast-twitch	muscle	activity	






including	 comparative	 genomics,	 the	 primary	 focus	 of	 this	 thesis.	 Sequencing	 methods	 are	
however	currently	only	capable	of	producing	relatively	short	sections	of	sequenced	DNA.	The	
development	 therefore	 of	 complex	 computational	 assembly	 methods	 along	 with	 the	
development	of	high	throughput	tools	have	allowed	the	process	to	be	scaled	up,	resulting	 in	




Genome	 sequencing	 began	 in	 the	 1970s	 with	 the	 development	 of	 ‘Chain	 termination	
sequencing’,	more	commonly	known	as	‘Sanger’	sequencing.	Briefly,	reads	are	generated	from	
sequencing	random	small	cloned	fragments	from	both	directions	of	a	genome.	Template	DNA,	
primers,	 DNA	 polymerase,	 deoxynucleosidetriphospates	 (dNTPs)	 and	 di-














remains	 the	 fundamental	 principle	underlying	modern	 sequencing	 technologies	 (Smith	 et	 al.	
1986).	The	Sanger	method	has	an	advantage	in	that	it	can	achieve	read	lengths	of	around	800-












last	 century,	 novel	 approaches	 to	 DNA	 sequencing	 were	 becoming	 commercially	 available.	
Tsien,	Ross,	Fahnestock	and	Johnston	patented	a	stepwise	(‘base-by-base’)	sequencing	protocol	

































use of 35S- in place of 32P-dATP for radiolabeling (sharper banding and hence longer read lengths);
and the use of thinner and/or longer polyacrylamide gels (improved separation and longer read
lengths), among others. Although there were attempts at automating various steps of the process,
notably the automated pipetting of sequencing reactions and the automated reading of the au-
toradiograph banding patterns, most improvements were not sufficient to make this sequencing
approach truly scalable to high-throughput needs.
3. IMPACT OF FLUORESCENCE LABELING
A significant change in the scalability of DNA sequencing was introduced in 1986, when Applied
Biosystems, Inc. (ABI), commercialized a fluorescent DNA sequencing instrument that had been
invented in Leroy Hood’s laboratory at the California Institute of Technology (12). In replacing
the use of radiolabeled dATP with reactions primed by fluorescently labeled primers (different
fluor for each nucleotide reaction), the laborious processes of gel drying, X-ray film exposure
and developing, reading autoradiographs, and performing hand entry of the resulting sequences
were eliminated. In this instrument, a raster scanning laser beam crossed the surface of the gel
plates to provide an excitation wavel ngth for the differe tially labeled fluorescent primers to
be detected during the electrophoretic separation of fragments. Thus, significant manual effort
and several sources of error were eliminated. By use of the initial versions of this instrument,
great increases were made in the daily throughput of sequencing data production, and several











































































Patent	No.	WO9844152).	 Combined,	 these	approaches	 combined	now	 form	 the	basis	 of	 the	




also	 involved	 massive	 parallel	 sequencing.	 From	 the	 outset,	 these	 newer	 methods	 were	





























This	 Illumina	sequencing	method	attaches	DNA	molecules	and	primers	 to	a	 slide	or	 flow	cell	
which	are	then	amplified	using	PCR	to	form	‘DNA	clusters’.	To	identify	the	DNA	sequence,	four	


















T,	 C	 or	 G)	 which,	 if	 complementary	 to	 the	 template	 is	 incorporated	 into	 a	 growing	 strand	




using	 the	Sanger	method,	 therefore	 reducing	 the	 length	of	contiguous	sequence	that	can	be	



















have	 the	benefit	of	 spanning	many	more	 repetitive	 sequence	 regions,	 therefore	producing	a	
more	contiguous	genome	reconstruction	compared	to	NGS	approaches	(Roberts	et	al.	2013).	




2014)	and	Oxford	Nanopore	MiniION	device	 (Loman	et	al.	2015).	The	 first	of	 these	produces	
highly	accurate	outputs	but	the	reads	are	shorter	than	those	of	PacBio.	The	second	of	the	two,	
the	Oxford	Nanopore	kit,	produces	reads	of	a	similar	 length	to	PacBio	but	of	 lower	accuracy,	



























Next	Generation	Sequencing:	 	 	 	 	 	 	 	
Ion	semiconductor	(Ion	Torrent	
sequencing)	 up	to	400	bp	 98%	 up	to	80	million	 2	hours	 $1	
Less	expensive	
equipment.	Fast.	 Homopolymer	errors.	


















bp	 99.90%	 1.2	to	1.4	billion	 1	to	2	weeks	 $0.13	 Low	cost	per	base.	
Slower	than	other	methods.	Has	issues	
sequencing	palindromic	sequences.	
First	Generation	Sequencing:	 	 	 	 	 	 	 	
Chain	termination	(Sanger	

















clones	 each	 of	 which	 spans	 a	 large,	 contiguous	 region	 of	 the	 source	 genome	 from	which	 a	
minimal	tiling	path	is	generated.	The	BACs	within	this	tiling	path	are	then	sheared	into	fragments	
and	 sequenced	using	 the	 techniques	described	above	 (and	 illustrated	 in	 Figure	112).	 These	
contigs	 then	 form	 the	 framework	 from	 which	 scaffolds	 are	 put	 together.	 The	 fragments	
produced	 often	 exceed	 the	 read	 length	 possible	 with	 current	 technology,	 and	 therefore	
sequence	reads	are	generated	from	both	ends	of	the	fragment,	resulting	in	a	library	of	mate-
pairs	 with	 a	 range	 of	 insert	 sizes	 –	 the	 space	 between	 the	 paired	 reads	 (Pop.	 2009).	 This	
approach	has	the	benefit	of	reducing	the	risk	of	misassemblies	both	across	a	long	range	and	a	
short	range	by	reducing	the	reliance	on	computational	interpretation.	It	is	however	very	time	
consuming	 and	 coverage	 can	 be	 incomplete	 (Kaiser	 et	 al.	 2003).	 This	 method	 was	 used	 to	
produce	the	publicly	 funded	human	genome	assembly	 in	2001	 (described	 in	section	1.1.5.2),	
which	cost	in	excess	of	$100	million	(Drmanac	et	al.	2010).		
	
In	 the	 second	 approach,	 known	 as	 ‘whole	 genome	 shotgun	 sequencing’	 there	 is	 no	 initial	
mapping	phase.	Instead,	the	entire	genome	is	fragmented	into	pieces	of	a	specific	size,	that	are	
sub-cloned	 into	 appropriate	 plasmid	 vectors	 which	 are	 then	 sequenced.	 This	 produces	 a	
collection	of	 read	pairs	 (mate-pairs)	 that	are	 separated	by	a	known	distance	 (the	 size	of	 the	
original	fragment)	(Pop.	2009).	The	resulting	tens	of	millions	of	sequence	reads	generated	using	
this	method	 are	 then	 assembled	 into	 contiguous	 sequences	 and	ultimately	 scaffolds	 using	 a	




















Figure	 1-12:	 Schematic	 representation	 illustrating	 the	 differences	 between	 (a)	 BAC-by-BAC	 or	 hierarchical	
sequencing	and	(b)	Shotgun	sequencing	(Commins	et	al.	2009).	
	
















Accurate	 genome	 assemblies	 are	 fundamental	 to	 genome	 research,	 particularly	 for	 studying	
evolutionary	relationships	between	species.	The	N50	values	referred	to	in	section	1.1.4.2	do	not	
however	 take	 into	 account	many	 other	 aspects	 of	 genome	 build	 quality,	 which	 can	 have	 a	
significant	effect	on	 the	validity	of	any	downstream	 investigation.	For	example,	errors	 in	 the	
sequence	 read	 such	 as	 incorrect	 nucleotide	 substitutions,	 insertions	 and	 deletion	 errors	 can	
distort	 gene	 mapping	 and	 annotation	 analysis	 (Meader	 et	 al.	 2010).	 Contigs	 can	 also	 be	





relatively	 long	 stretches	 of	 DNA	 sequence	 (around	 1kb),	 second	 generation	 NGS	 produces	
millions	 of	 short	 reads	 which	 are	 sequenced	multiple	 times	 in	 order	 to	 reduce	 error	 rates.	
Segmental	duplications	and	large	common	repeats	can	therefore	be	difficult	to	place	resulting	
in	up	to	20%	of	the	genome	being	missed.	In	addition,	analysis	of	genome	sequences	without	







Earlier	 sequencing	 efforts	 such	 as	 that	 of	 the	 human	 genome	used	 a	 large-insert	 BAC	 clone	






previous	 section,	 aim	 to	 overcome	 some	 of	 these	 difficulties	 by	 increasing	 read	 length	 and	
library	insert	sizes.	
	
Newer	mapping	 technologies	 such	as	optical	mapping	methods	 (Teague	et	al.	2010)	and	 the	
platforms	BioNano	(Mak	et	al.	2016)	and	Dovetail	 (Putnam	et	al.	2016)	also	aim	to	provide	a	




proprietary	 technology	 to	 generate	 long	 range	 mate	 pairs	 that	 span	 hundreds	 of	 kilobases	

































as	 a	 biomedical	 model,	 but	 also	 because	 despite	 the	 75	 million	 years	 since	 they	 shared	 a	
common	ancestor	it	provided	a	crucial	link	for	understanding	the	human	genome	(Waterston	et	
al.	2002).	Draft	sequences	of	other	mammalian	species	followed,	including	the	chimpanzee	(Pan	











































Annotation	of	 the	 chicken	genome	has	been	based	on	gene	homology	with	 sequences	 from	
other	species.	This	method	has	served	well	 for	defining	protein-coding	sequences,	but	genes	
that	evolve	quickly	such	as	immune	genes	are	harder	to	define	over	large	evolutionary	distances	
(Schmid	 et	 al.	 2015).	 Despite	 this,	 the	 chicken	 genome	 appears	 to	 have	 significantly	 fewer	
protein-coding	genes	than	other	vertebrates,	with	15,508	found	in	chicken	(Cunningham	et	al.	
2015)	compared	to	20,806	in	humans.	As	well	as	appearing	to	have	lost	ancestral	protein	coding	
genes,	 the	 gene	 families	 themselves	 appear	 to	 have	 fewer	members	 than	other	 vertebrates	
(Hughes	 &	 Friedman,	 2008).	 Significantly,	 274	 protein	 coding	 genes	 have	 been	 found	 to	 be	





was	 fully	 defined	 (Masabanda	 et	 al.	 2004).	 At	 the	 time,	 chromosome	 paints	 or	 clones	were	
generated	to	identify	all	chromosomes	uniquely,	however	subsequent	efforts	to	sequence	from	
these	clones	proved	unsuccessful	(Griffin,	personal	communication).	To	date,	the	very	smallest	






In	 2010,	 the	 zebra	 finch	 (Taeniopygia	 guttata)	 became	 the	 second	 avian	 species	 to	 have	 a	
sequenced	genome.	Belonging	to	the	Passeriformes	order	(the	largest	of	all	avian	orders,	with	
over	5,000	identified	species),	the	zebra	finch	is	an	important	scientific	model,	in	part	due	to	its	
ability	 to	 communicate	 through	 learned	 vocalisation	 (shared	 only	 with	 the	 parrots	 and	 the	
hummingbirds)	 and	 its	 short	 generation	 turnover	 both	 of	which	make	 it	 a	 crucial	model	 for	
understanding	neurobiology	(Clayton	et	al.	2009).	The	zebra	finch	genome	was	sequenced	and	



















species	 to	 be	 sequenced	 using	 next-generation	 sequencing	 (NGS).	 A	 combination	 of	 NGS	









As	a	natural	 reservoir	 for	 influenza	A	viruses,	 the	duck	 (Anas	platyrhynchos)	 is	 an	 important	
model	 for	understanding	the	pathogenesis	of	viruses	and	provides	a	unique	 insight	 into	host	
immune	responses.	Of	particular	interest	is	the	H5N1	virus,	which	has	been	seen	to	cross	the	
species	barrier	to	humans	causing	622	infections	(as	of	March	2013)	with	a	fatality	rate	of	59%	
(Hulse-Post	 et	 al.	 2005).	 The	 duck	 genome	 was	 sequenced	 using	 a	 whole-genome	 shotgun	
sequencing	strategy	with	Illumina	Genome	Analyser	sequencing	technology,	generating	a	draft	
assembly	covering	1.1	Gb,	with	15,634	protein-coding	genes	(Huang	et	al.	2013).	At	the	same	
time	 radiation	 hybrid	 (RH)	mapping	was	 used	 to	 assign	 scaffolds	 to	 chromosomes	 using	 the	
chicken	genome	as	a	reference,	whereby	an	algorithmic	approach	was	initially	used	to	locate	



















The	 publication	 of	 further	 avian	 genomes	 followed	 with	 the	 addition	 of	 the	 budgerigar,	
Melopsittacus	undulatus	(Koren	et	al.	2012);	the	pigeon,	Columba	livia,	(Shapiro	et	al.	2013);	the	
collared	flycatcher,	Ficedula	albicollis	(Ellegren	et	al.	2012;	Kawakawmi	et	al.	2014);	the	Puerto	
Rican	 amazon,	Amazona	 vittata	 (Oleksyk	 et	 al.	 2012);	medium	 ground	 finch,	Geospiza	 fortis	
(Zhang	G.	et	al.	2012),	the	large	ground	finch,	Geospiza	magnirostris	(Rands	et	al.	2013)	and	the	
canary,	 Serinus	 canaria	 (Frankl-Vilches	 et	 al.	 2015).	 In	 2014,	 the	 ostrich	 genome	 (Struthio	
camelus)	 was	 improved	 5-fold	 with	 the	 use	 of	 optical	 mapping.	 This	 approach	 generated	
significantly	larger	scaffolds	known	as	‘super-scaffolds’	and	enhanced	the	overall	quality	of	the	
ostrich	genome	taking	the	initial	N50	from	3.59	Mb	to	an	N50	of	17.71	Mb	(Zhang	J.	et	al.	2015).	
The	 budgerigar	 (Melopsittacus	 undulatus)	 genome	 was	 the	 only	 one	 of	 the	 45	 that	 was	

































Species	 Common	name	 Genome	Size	 Number	of	Genes	 	 Species	 Common	name	 Genome	Size	 Number	of	Genes	
Acanthisitta	chloris	 Rifleman	 1.05Gb	 14,596	 	 Haliaeetus	albicilla	 White-tailed	eagle	 1.14Gb	 13,831	
Anas	platyrhynchos	 Peking	duck	 1.1Gb	 16,521	 	 Haliaeetus	leucocephalus	 Bald	eagle	 1.26Gb	 16,526	
Antrostomus	carolinensis	 Chuck-will's-widow	 1.15Gb	 14,676	 	 Leptosomus	discolor	 Cuckoo-roller	 1.15Gb	 14,831	
Apaloderma	vittatum	 Bar-tailed	trogon	 1.08Gb	 13,615	 	 Manacus	vitellinus	 Golden-collared	manakin	 1.12Gb	 15,285	
Aptenodytes	forsteri	 Emperor	penguin	 1.26Gb	 16,070	 	 Meleagris	gallopavo	 Turkey	 1.04Gb	 16,051	
Balearica	regulorum	 Grey-crowned	crane	 1.14Gb	 14,173	 	 Melopsittacus	undulatus	 Budgerigar	 1.1Gb	 15,470	
Buceros	rhinoceros	 Rhinoceros	hornbill	 1.08Gb	 13,873	 	 Merops	nubicus	 Carmine	bee-eater	 1.06Gb	 13,467	
Calypte	anna	 Anna's	hummingbird	 1.1Gb	 16,000	 	 Mesitornis	unicolor	 Brown	mesite	 1.1Gb	 15,371	
Cariama	cristata	 Red-legged	seriema	 1.15Gb	 14,216	 	 Nestor	notabilis	 Kea	 1.14Gb	 14,074	
Cathartes	aura	 Turkey	vulture	 1.17Gb	 13,534	 	 Nipponia	nippon	 Crested	ibis	 1.17Gb	 16,756	
Chaetura	pelagica	 Chimney	swift	 1.1Gb	 15,373	 	 Ophisthocomus	hoazin	 Hoatzin	 1.14Gb	 15,702	
Charadrius	vociferus	 Killdeer	 1.2Gb	 16,856	 	 Pelecanus	crispus	 Dalmatian	pelican	 1.17Gb	 14,813	
Chlamydotis	macqueenii	 Macqueen's	bustard	 1.09Gb	 13,582	 	 Phaethon	lepturus	 White-tailed	tropicbird	 1.16Gb	 14,970	
Colius	striatus	 Speckled	mousebird	 1.08Gb	 13,538	 	 Phalacrocorax	carbo	 Great	cormorant	 1.15Gb	 13,479	
Columba	livia	 Pigeon	 1.11Gb	 16,652	 	 Phoenicopterus	ruber	 American	flamingo	 1.14Gb	 14,024	
Corvus	brachyrhynchos	 American	crow	 1.1Gb	 16,562	 	 Picoides	pubescens	 Downy	woodpecker	 1.17Gb	 15,576	
Cuculus	canorus	 Common	cuckoo	 1.15Gb	 15,889	 	 Podiceps	cristatus	 Great-crested	grebe	 1.15Gb	 13,913	
Egretta	garzetta	 Little	egret	 1.2Gb	 16,585	 	 Pterocles	gutturalis	 Yellow-throated	sandgrouse	 1.07Gb	 13,867	
Eurypyga	helias	 Sunbittern	 1.1Gb	 13,974	 	 Pygoscelis	adeliae	 Adélie	penguin	 1.23Gb	 15,270	
Falco	peregrinus	 Peregrine	falcon	 1.18Gb	 16,242	 	 Struthio	camelus	 Common	ostrich	 1.23Gb	 16,178	
Fulmarus	glacialis	 Northern	fulmar	 1.14Gb	 14,306	 	 Taeniopygia	guttata	 Zebra	finch	 1.2Gb	 17,471	
Gallus	gallus	 Chicken	 1.05Gb	 16,516	 	 Tauraco	erythrolophus	 Red-crested	turaco	 1.17Gb	 15,435	
Gavia	stellata	 Red-throated	loon	 1.15Gb	 13,454	 	 Tinamus	guttatus	 White-throated	tinamou	 1.05Gb	 15,773	








The	 upsurge	 in	 sequencing	 has	 led	 to	 the	 development	 of	 ambitious	 projects	 such	 as	 the	
Genome	10K	Project	(G10K)	(Haussler	et	al.	2009).	The	main	aim	of	this	project	is	to	sequence	
10,000	 vertebrate	 genomes,	 but	 also	 to	 standardise	procedures	 for	 specimen	 collection	 and	
preparation	as	well	as	develop	a	uniform	approach	to	genome	assembly	and	alignment	(Koepfli	
et	al.	2015).	The	Avian	Phylogenomics	Consortium,	inspired	by	the	success	of	the	48	genomes	









complex	 genomes	 by	 chromosome	 invariably	 means	 that	 scaffolds	 require	 mapping	 to	
chromosomes.	A	recurring	theme	in	this	thesis	is	how	not	having	a	genome	that	is	assembled	to	
whole	chromosome	level	limits	the	utility	of	current	genome	assemblies	for	critical	aspects	of	
evolutionary	 and	 applied	 genetics	 such	 as	 phenotype-to-genotype	 associations,	 gene	 and	
regulatory	networks	research	and	exploration	of	the	mechanics	of	chromosome	evolution.	For	
this	reason,	cytogenetic	mapping	using	fluorescence	in	situ	hybridisation	(FISH)	of	BAC	clones	
can	 be	 a	 powerful	 technique	 that	 allows	 for	 reconciliation	 of	 this	 sequence	 data	 by	 directly	
visualising	the	regions	of	 interest	on	the	genome.	FISH	mapping	was	used	for	this	purpose	in	
mapping	 the	 draft	 sequence	 of	 the	 human	 genome	 where	 7,600	 clones	 were	 successfully	
mapped	cytogenetically	 (Cheung	et	 al.	 2001),	but	has	 rarely	been	applied	 to	many	genomes	
since	because	of	the	technical	difficulties	associated	with	multiplexing	FISH	experiments.	
	
Of	 the	 50	 or	 so	 avian	 genomes	 so	 far	 sequenced,	 all	 apart	 from	 the	 five	 assembled	 to	
chromosome	level	(chicken,	turkey,	duck,	zebra	finch	and	collared	flycatcher)	are	constructed	
to	 the	scaffold	 level	meaning	 that	 there	are	at	 least	100-150	scaffolds	per	genome.	Without	
being	physically	anchored	to	chromosomes,	these	scaffolds	result	in	a	genome	that	is	essentially	








algorithm	 ‘reference-assisted	 chromosome	 assembly’	 (RACA)	 as	 a	 means	 of	 ordering	 and	
orientating	scaffolds	into	longer	chromosomal	fragments.	The	algorithm	works	by	using	a	closely	
related	 reference	 genome	 with	 an	 outgroup	 genome	 to	 create	 predictions	 of	 chromosome	
organization	of	predicted	chromosome	fragments	(PCFs)	in	a	de	novo	sequenced	species	(Figure	
1-15).	Validation	with	PCR	to	detect	‘chimeric’	(misaligned)	regions	ensures	accuracy	of	mapping	
without	 the	need	 for	physical	or	genetic	maps.	At	best	however,	 this	method	produces	 sub-
chromosome	 sized	 fragments	 that	 require	 further	 verification	 and	 subsequent	 chromosome	
assembly.	 RACA	 applied	 to	 the	 Tibetan	 antelope	 (Pantholops	 hodgsonii)	 and	 blind	mole	 rat	




















algorithm merges colinear alignments into syntenic fragments
(SFs), and keeps the SFs of length greater than a given threshold
(Fig. 1B). For each pair of SFs, the adjacency score that repre-
sents how likely the two SFs are adjacent in the target genome is
calculated by combining (i) the posterior probability of the ad-
jacency in the target genome given its adjacencies in a reference
and outgroup genomes together with the phylogenetic relation-
ship among input genomes (Methods and SI Appendix), and (ii)
the amount of paired-end reads that support the adjacency, which
may not be effectively used to join or split sequence contigs
produced by other assembly algorithms (Fig. 1C).
Once the computation of the adjacency scores is completed, the
SF graph is constructed, which consists of head and tail vertices
that represent the head and tail of each SF, and their undirected
edges (Fig. 1D). In the SF graph, different edges have different
weights (the adjacency scores), and the head and tail vertices from
the same SF are always connected with a maximum weight. Here,
the distinction between the head and tail of a SF is essential be-
cause each SF can be connected to either the head or tail of an-
other SF. The RACA is a greedy algorithm in that it constructs the
chains of SFs by merging two adjacent SFs with the highest edge
weight ﬁrst at each step (Fig. 1E). By using the order and orien-
tation of SFs that are inferred from the chains of SFs, RACA ﬁnally
concatenates the scaffolds of the de novo target assembly that the
SFs belong to (seeMethods for the details of theRACAalgorithm).
Evaluation of the RACA Algorithm Using Simulated Genome Assemblies.
To evaluate RACA we simulated genome sequences using Evolver
(25). From an ancestral genome that consists of 69 mbp of human
genome sequence (chromosomes HSA21 and HSA22), Evolver
simulated the evolution of the input genome sequences according
to a given phylogeny (Fig. 2A) by applying all possible small-scale
as well as large-scale mutations. The results of the simulation
produced 12 derived genomes, R and D0–D10, (SI Appendix). In
this evaluation, the paired-end read data were not used and the
main focus was to evaluate the adjacency reconstructions by using
the posterior probabilities of SF adjacencies (Discussion). For each
target dataset D0–D9, the dataset R was used as a reference ge-
nome, and more divergent datasets than the chosen target from R
were used as outgroup genomes (SI Appendix, Table S1 for sta-
tistics of the simulated datasets). The dataset D10 was used only
as an outgroup genome. To produce a comparable number of
breakpoints that would be found in real genome data we used 5
kbp as a minimum SF size (SI Appendix).
The simulated datasets D0–D9 were partitioned into multiple
sequence fragments based on the down-scaled length distribution
of scaffolds (SI Appendix) that was estimated from a real de novo
assembly, and randomly chosen fragments were combined pair-
wise to simulate chimeric scaffolds (SI Appendix). The fragmen-
tation was repeated ﬁve times to produce ﬁve different sets of
sequence fragments for each dataset. We predicted the order and
orientation of the sequence fragments and compared them with
the true order and orientation that were known from the frag-
mentation step, in terms of (i) recall, which is the fraction of the
true order and orientation of sequence fragments that was found
in the predicted sequence fragments, and (ii) precision, which is
the fraction of the predicted order and orientation of sequence
fragments that agree with the true order and orientation (Fig.
2B). We ran RACA using different simulated outgroup datasets
to measure their effect on accuracy. However, the observed dif-
ference was marginal (less than 0.5%), and therefore the results
with the one closest outgroup dataset were reported here. The
recall and precision of our method with the datasets D0 and D1
were about 98% and 94%, respectively. Even with the dataset D5,
which roughly corresponds to the divergence between human and
rhesus (SI Appendix, Table S2), RACA produced almost 80%
recall and precision. In this evaluation, 96–99% of total sequen-
ces in each dataset were aligned and used for the reconstruction
(SI Appendix, Table S1). There was signiﬁcant negative correlation
between the accuracy and the number of breakpoints in the data-
sets (P value <1e-08 for both recall and precision; Pearson’s
correlation test).
Evaluation of the RACA Algorithm Using Real Genome Assemblies. To
examine the potential for improving real genome assemblies pro-
duced by various genome assemblers, we applied RACA to seven
different assemblies of human chromosome 14 produced from
paired-end reads used as part of the Genome Assembly Gold-
Standard Evaluations (GAGE) competition (26): ALLPATHS-LG,
Bambus2, CABOG, MSR-CA, SGA, SOAPdenovo, and Velvet.
Using different resolutions of SF sizes (100, 50, 10, and 1 kbp) and
two independent reference species (orangutan and mouse) with
cattle as an outgroup, we compared the original and RACA as-
semblies in terms of total number of scaffolds, the N50 statistic, the
number of adjacency errors, and coverage (Methods).
When using orangutan as the reference genome and cattle as an
outgroup (Fig. 3; SI Appendix, Table S3), RACA further assembled
many of the original scaffolds, resulting in substantial improvement
in N50 and dramatically reducing the number of adjacency errors
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Fig. 1. Overview of the RACA algorithm. (A) RACA takes a reference, a de
novo sequenced tar et (as scaffolds), an on or more outgroup genomes as
input data. (B) Syntenic fragments (SFs) delimit d by vertical dashed lines are
constructed by ﬁrst aligning reference and target genome sequences and
next merging colinear alignments. The outgroup is not always aligned to SFs
(e.g., sf2) and may contain rearrangements compared with one SF (e.g., sf10).
Pluses and minuses represent the orientations of the target and outgroup on
the reference, and three groups of SFs represent three reference chromo-
somes. (C) For each pair of SFs, the adjacency scores (edge weights) that
combine (i) the posterior probability [PostProb(i,j)] of the adjacency and (ii)
the coverage of paired-end reads [Link(i,j)] are calculated. Only a portion of
the edge weight matrix is shown on the Left, and this matrix can represent
all four adjacency cases: (i, j), (−i, j), (i, −j), and (−i, −j), where i and j are the
indexes of two SFs sfi and sfj, respectively. (D) The SF graph is built by con-
necting SFs whose edge weight in C is higher than a certain threshold (0.1
was used in the case of Tibetan antelope). Head (closed circle) and tail (open
circle) vertices from the same SF are always connected with a maximum
weight (dashed edge). (E) Constructed chains of SFs that are extracted by the
RACA algorithm.






Comparative	 genomics	 is	 the	 combination	 of	 genomic/cytogenetic	 data	 and	 evolutionary	
biology	 to	 address	 questions	 of	 genome	 structure,	 function	 and	 evolution	 between	 species.	
Whole	genomes	or	parts	of	genomes	are	compared	to	those	of	other	species	to	identify	both	







genomes	 reveal	 that	 99%	of	 protein	 coding	 genes	 align	with	 homologs	 in	mouse	 but	 at	 the	
nucleotide	level	only	around	40%	of	the	human	genome	aligns	with	mouse.	The	remaining	60%	
of	the	genome	is	comprised	of	repetitive	elements	from	each	species	that	do	not	align	with	one	
another	 (Waterston	 et	 al.	 2002).	 Despite	 a	 high	 degree	 of	 gene	 synteny	 between	 the	 two	







two	species	diverged	from	their	common	ancestor	75	mya.	In	order	to	elucidate	within	which	unambiguously reside within conserved syntenic segments. The
segments can be aggregated into a total of 217 conserved syntenic
blocks, with an N50 length of 23.2Mb.
The nature and extent of conservation of synteny differs sub-
stantially among chromosomes (Fig. 3 and Table 4). In accordance
with expectation, the X chromosomes are represented as single,
reciprocal syntenic blocks72. Human chromosome 20 corresponds
entirely to a portion of mouse chromosome 2, with nearly perfect
conservation of order along almost the entire length, disrupted only
by a small central segment (Fig. 4a, d). Human chromosome 17
corresponds entirely to a portion of mouse chromosome 11, but
extensive rearrangements have divided it into at least 16 segments
(Fig. 4b, e). Other chromosomes, however, show evidence of much
more extensive interchromosomal rearrangement than these cases
(Fig. 4c, f).
We compared the new sequence-based map of conserved synteny
with the most recent previous map based on 3,600 loci30. The new
map reveals many more conserved syntenic segments (342 com-
pared with 202) but only slightly more conserved syntenic blocks
(217 compared with 170). Most of the conserved syntenic blocks
had previously been recognized and are consistent with the new
map, but many rearrangements of segments within blocks had been
missed (notably on the X chromosome).
The occurrence of many local rearrangements is not surprising.
Compared with interchromosomal rearrangements (for example,
translocations), paracentric inversions (that is, those within a single
chromosome and not including the centromere) carry a lower
selective disadvantage in terms of the frequency of aneuploidy
among offspring. These are also seen at a higher frequency in genera
such as Drosophila, in which extensive cytogenetic comparisons
have been carried out73,74.
The block and segment sizes are broadly consistent with the
random breakage model of genome evolution75 (Fig. 5). At this
gross level, there is no evidence of extensive selection for gene order
across the genome. Selection in specific regions, however, is by no
means excluded, and indeed seems probable (for example, for the
major histocompatibility complex). Moreover, the analysis does not
exclude the possibility that chromosomal breaks may tend to occur
with higher frequency in some locations.
With a map of conserved syntenic segments between the human
and mouse genomes, it is possible to calculate the minimal number
of rearrangements needed to ‘transform’ one genome into the
other70,76,77. When applied to the 342 syntenic segments above, the
most parsimonious path has 295 rearrangements. The analysis
suggests that chromosomal breaks may have a tendency to reoccur
in certain regions. With only two species, however, it is not yet
possible to recover the ancestral chromosomal order or reconstruct
the precise pathway of rearrangements. Asmoremammalian species
are sequenced, it should be possible to draw such inferences and
study the nature of chromosome rearrangement.
Genome landscape
We next sought to analyse the contents of the mouse genome, both
in its own right and in comparison with corresponding regions of
the human genome. The poster included with this issue provides a
high-level view of the mouse genome, showing such features as
genes and gene predictions, repetitive sequence content, (GþC)
content, synteny with the human genome, and mouse QTLs.
Figure 3 Segments and blocks .300 kb in size with conserved synteny in human are
superimposed on the mouse genome. Each colour corresponds to a particular human
chromosome. The 342 segments are separated from each other by thin, white lines within
the 217 blocks of consistent colour.
Table 4 Syntenic properties of human and mouse chromosomes
Chromosome Human Mouse
Blocks Segments Fraction of chromosome
in segments




1 11 19 0.87 14 21 0.93 0.90
2 18 28 0.93 10 21 0.96 0.88
3 16 27 0.92 10 15 0.97 0.92
4 9 11 0.97 9 13 0.99 0.95
5 18 19 0.97 16 24 0.93 0.83
6 11 18 0.94 17 23 0.91 0.93
7 20 26 0.87 11 23 0.82 0.93
8 16 19 0.90 15 21 0.94 0.89
9 11 17 0.82 10 17 0.93 0.86
10 13 18 0.90 9 16 0.95 0.92
11 9 10 0.93 10 27 0.94 0.89
12 7 17 0.94 8 10 0.96 0.92
13 9 9 0.96 12 14 0.92 0.90
14 5 5 0.98 18 18 0.96 0.89
15 5 17 0.87 4 8 0.96 0.88
16 4 6 0.89 7 9 0.96 0.90
17 1 16 0.85 17 20 0.80 0.85
18 10 12 0.87 14 19 0.96 0.92
19 10 17 0.55 5 7 0.93 0.89
20 1 3 0.93 NA NA NA NA
21 3 3 0.87 NA NA NA NA
22 9 9 0.84 NA NA NA NA
X 1 16 0.87 1 16 0.92 1.03
Total 217 342 0.90 217 342 0.93 0.91
...................................................................................................................................................................................................................................................................................................................................................................
NA, not applicable, as mouse has only 19 autosomes.
*Mean size ratio (mouse/human) on the basis of orthologous 100-kb mouse windows.
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2011).	 Armed	with	 this	 information,	 inferences	 about	 speciation	 events	 and	 species-specific	
phenotypic	adaptations	can	be	more	readily	made.		
	


































common	ancestors	 at	 varying	 points	 of	 time	 (Darwin,	 1859).	 In	 addition	 to	 facilitating	 inter-
species	 comparisons,	 comparative	 genomics	 also	 provides	 a	 glimpse	 into	 the	 past	 by	 using	
genomic	comparisons	to	make	inferences	about	the	common	ancestor	of	the	lineage	of	interest.	
At	 a	morphological	 level,	 clues	 to	 the	 features	 of	 ancestral	 species	 have	 long	 been	 possible	
through	the	investigation	of	and	interpretation	of	fossil	evidence	but	now	the	relatively	young	
field	 of	 paleogenomics	 is	 seeking	 to	 uncover	 shared	 ancestral	 features	 at	 a	 DNA	 level.	 The	
discipline	of	 paleogenomics	 is	 focused	on	 two	primary	 areas	of	 research;	 the	 first	 being	 the	
identification	of	ancestral	features	through	the	extraction	and	subsequent	analysis	of	ancient	
DNA.	The	second	area	focuses	on	the	analysis	of	genomic	sequence	DNA	of	extant	species	as	a	
means	 of	 identifying	 ancestral	 features.	 The	 latter	 is	 possible	 due	 to	 the	 limited	 number	 of	
possible	chromosomal	rearrangement	mechanisms	that	lead	to	genomic	reshuffling,	making	it	
feasible	to	draw	assumptions	about	rearrangements	that	may	have	occurred	in	each	lineage	and	







they	 join	 (node)	denoting	 their	 common	ancestor.	Once	 the	phylogeny	has	been	established	
syntenic	information	is	required	in	order	to	compare	DNA	organisation	of	related	species	to	each	
other.	 This	 synteny	 data	 can	 be	 either	 be	 sequence	 based	 and	 therefore	 analysed	 using	 a	




Prior	 to	 the	 development	 of	 genome	 sequencing,	 early	 efforts	 to	 reconstruct	 ancestral	
karyotypes	 were	 restricted	 to	 using	 cytogenetic	 methods	 (zoo-FISH).	 Preliminary	 research	
focused	on	closely	related	mammals	(Wienberg	&	Stanyon	1997)	with	a	particular	focus	on	the	
Boroeutherian	ancestor	(Froenicke	2005).	This	reconstruction	method	has	the	advantage	that	
data	 for	 in	 excess	 of	 80	 species	 of	 mammal	 is	 already	 available	 (without	 requiring	 a	 fully	
sequenced	genome).	However,	whilst	able	to	provide	informative	gross	structural	information	
this	method	is	nevertheless	limited;	firstly	by	the	evolutionary	distance	between	target	species	






using	 a	 bioinformatics	 approach.	 The	 ever-increasing	 number	 of	 assembled	 genomes	 has	
created	 this	 additional	 avenue	 of	 research	 thereby	 maximizing	 the	 time	 and	 cost	 already	
committed	 to	 genome	 sequencing.	 Robust	 tools	 that	 are	 able	 to	 decipher	 the	 most	 likely	
ancestral	configurations	are	required	for	this	type	of	analysis,	particularly	with	the	large	number	











be	 compared	 between	 species	 and	 inferences	 about	 gross	 genomic	 rearrangements	 can	 be	
made.	At	the	gene	order	level,	targeted	loci	can	be	investigated	by	examining	orthologous	genes	
across	multiple	 species	 (Louis	 et	 al.	 2013).	 Finally,	 at	 a	 sequence	 level,	 genome	 comparison	






The	 three	primary	methods	of	ancestral	 reconstruction	are	based	on	either	 the	principles	of	
maximum	 parsimony,	 maximum	 likelihood	 or	 Bayesian	 inference.	 Briefly,	 the	 method	 of	



























Taken	 together,	 the	 means	 of	 studying	 chromosomes,	 karyotypes	 and	 chromosomal	




In	 addition,	 by	 applying	 statistical	 models	 and	 bioinformatic	 tools,	 it	 becomes	 possible	 to	
reconstruct	 evolutionary	 events	 and	 determine	 the	 overall	 genome	 structures	 of	 common	
ancestors.	The	following	section	explores	how	this	has	been	achieved	(with	an	emphasis	on	the	







(see	 above)	 and	 from	 a	 mechanistic	 (as	 follows)	 perspective.	 In	 humans,	 chromosomal	
abnormalities	are	seen	in	around	1	in	200	live	born	individuals,	1	in	20	stillbirths	and	around	1	
in	2	spontaneous	abortions	(Hassold	&	Hunt,	2001).	Recent	evidence	suggests	that	the	majority	
of	human	embryos	have	some	sort	of	chromosome	abnormality,	at	 least	 in	 low	 level	mosaic	
form	(Taylor	et	al.	2014).	Constitutional	abnormalities	(i.e.	affecting	most	cells	in	the	conceptus)	




net	 gain	 or	 loss	 of	 DNA)	 usually	 result	 in	 a	 normal	 phenotype	 with	 the	 abnormality	 only	
becoming	evident	when	fertility	is	evidently	compromised	(Stern	et	al.	1999).		
	
Chromosome	 rearrangements	 can	 either	 cause	 or	 reinforce	 reproductive	 isolation,	 either	
reducing	 reproductive	 fitness	 by	 causing	 meiotic	 segregation	 errors	 in	 gametes,	 thereby	
reducing	fertility	or	causing	a	mutation	that	 is	sufficiently	deleterious	that	 it	becomes	lost	by	
natural	selection.	Unless	the	population	size	within	which	the	mutation	occurs	is	small	then	it	is	






fixation	 (Burt	 et	 al.	 1999).	 Despite	 this,	 genome	 evolution	 is	 frequently	 investigated	 using	
quantitative	methods	at	the	level	of	nucleic	acid	and	protein	variation	rather	than	focusing	on	




Numerical	 chromosome	 abnormalities,	 by	 definition,	 involve	 the	 gain	 or	 loss	 of	 whole	





























with	 little	 selection	 pressure,	 thereby	 creating	 genetic	 diversity;	 and	 secondly,	 alterations	 in	















6. Before the first round of WGD, the vertebrate ancestor karyo-
type was n ≈ 10–13, and the subsequent 2R WGD and some ge-
nome rearrangements yielded the gnathostome ancestor of
n ≈ 40. After the divergence of bony vertebrates (Osteichthyes)
and cartilaginous fishes (Chondrichthyes), genome rearrange-
ments reduced the number of chromosomes in the osteichthyan
ancestor to n ≈ 31. In the meantime, modern cartilaginous fishes
have genomes comprising a variety of karyotypes; the number of
chromosomes in the haploid set, n, ranges from 25 to 50. We
speculate that some of extant cartilaginous fishes may retain the
gnathostome ancestral karyotype (n ≈ 40), assuming no genome
duplication events took place in the cartilaginous lineage. After
the divergence of ray-finned and lobe-finned fishes, in the lin-
eage of ray-finned fishes (Actinopterygii), chromosome fusions
reduced the number of chromosomes and produced the teleost
ancestor with n ≈ 13. Our fusion model made it necessary to re-
vise the n ≈ 12 ancestral osteichthyan proto-karyotype hypoth-
esis, which treats the teleost ancestor of ∼350 Mya as the repre-
sentative of the osteichthyan ancestor of ∼450 Mya (Postlethwait
et al. 2000; Jaillon et al. 2004; Naruse et al. 2004; Woods et al.
2005; Kohn et al. 2006). Subsequently, the whole-genome dupli-
cation in the teleost ancestor doubled the number of chromo-
somes to n ≈ 26. The number of chromosomes in the teleost lin-
eage has remained nearly unchanged during evolution, and the
chromosome numbers of extant teleost species peak at n = 24
or 25.
In the lineage of lobe-finned fishes (Sarcopterygii), the dis-
tribution of chromosome number differs largely across vertebrate
taxa (Fig. 6). In particular, an interesting observation in our
model is that the ancestors of major vertebrate groups such as
teleosts, amphibians, squamates, and metatherians underwent
numerous chromosome fusions (except for birds), leading to
slow changes in karyotype, as indicated by the distribution of
chromosome number. Similar speculations have been made re-
garding amphibians and reptiles; Morescalchi postulated that the
number of chromosomes decreased in the ancestral amphibian
based on the large number of chromosomes in some primitive
amphibians (Green and Sessions 1991). With respect to reptiles,
Olmo (2005) indicated that ancestral reptiles had a higher rate of
karyotypic changes. Our karyotype evolution model is consistent
with these hypotheses.
In contrast, a large increase in the number of chromosomes
was found in the avian lineage. One explanation is that fewer
repeat sequences in avian genomes were likely to result in chro-
mosome fissions rather than fusions and interchromosomal re-
arrangements (Burt et al. 1999; Burt 2002). Another interesting
finding involved microchromosomes in the avian lineage. Burt
argued that many avianmicrochromosomes were already present
in the common ancestor of birds and other terrestrial vertebrates
and were conserved for >400 million yr (Burt 2002). Our analysis
extends this idea considerably by showing that many of the mi-
crochromosomes had one-to-one correspondence with proto-
chromosomes in the gnathostome ancestor.
We conclude that in early vertebrate genome evolution, two
ancient whole-genome duplication events increased the number
of chromosomes, but subsequent chromosome fusions reduced
the number of chromosomes in individual lineages, with the
exception of the avian lineage.
Figure 6. Changes in chromosome number during vertebrate karyotype evolution. The reconstructed proto-chromosomes in Fig. 4 allow us to discuss
how the number of chromosomes has changed in individual vertebrate lineages. (Left) The phylogenetic tree of vertebrates, (right) the distribution of
chromosome number in individual lineages (Gregory et al. 2007; Animal Genome Size Database, http://www.genomesize.com). Considering the
numbers of proto-chromosomes in Fig. 4, two ancient whole-genome duplication events almost quadrupled the number of chromosomes; subse-





















strand	break	 (DSB).	 The	 faulty	 nature	of	 these	 repairs	 can	be	 either	 due	 to	direct	 joining	of	
















particularly	 in	 the	 case	 of	 paracentric	 inversions,	 which	 are	 seen	 more	 frequently	 than	




reduced	 fertility	 or	 underdominance	 (Hoffman	 &	 Rieseberg,	 2008).	 Inversions	 disrupt	
recombination	 to	 varying	 degrees	 according	 to	 the	 chromosomal	 region	 involved.	 From	 an	
evolutionary	 perspective,	 even	 if	 the	 effect	 of	 this	 disruption	 is	 comparatively	 small,	 the	
perpetuation	of	this	rearrangement	in	a	population	will	create	an	additional	source	of	genetic	
variation	over	many	generations	(Kirkpatrick	2010).	Examples	of	meiotic	drive	have	been	shown	
in	 heterozygotes	 carrying	 an	 inversion,	 where	 more	 than	 half	 of	 the	 gametes	 of	 the	
heterozygotes	exhibit	the	inversion	(Lyon	2003).	
	
Until	 the	 advent	 of	 the	 genomics	 era,	 inversions	 were	 only	 detectable	 using	 classical	 or	
molecular	cytogenetic	methods.	As	the	closest	relative	to	humans,	comparison	of	human	and	
















number	of	 large	mediocentric	 chromosomes	which,	 in	many	 species,	 through	 the	process	of	
chromosomal	 fission	 led	 to	 a	 karyotype	 consisting	 of	 a	 large	 number	 of	 small,	 acrocentric	
chromosomes	(Todd	1970).	A	classic	example	of	fission	theory	is	that	of	human	chromosomes	
14	and	15	which	were	generated	by	the	fission	of	an	ancestral	chromosome	14	(Ventura	et	al.	
a large inversion is likely t do [11]. If the inversion is ot erwise
selectively favored when rar , it ca spread to the p int whe e
recessive homozygotes become frequent enough to offset the initial
advantage. The result is a balanced polymorphism that has the
same evolutionary properties as conventional overdominance.
Some inversions show meiotic drive: the gametes of heterozygotes
carry the inversion more than 50% of the time. Meiotic drive systems
often involve a pair of interacting loci that must be coinherited for
the system to invade a population. An inversion can suppress the
recombination that would otherwise disrupt the drive system, and it
then hitchhikes along as the driving alleles spread [12].
One reason that evolutionary biologists are fascinated by
inversions is that they are highly polymorphic in some species [2].
Polymorphic inversions do not seem to be ancient, at least in flies,
with ages on the order of 106 generations [13]. An intriguing mystery
is why there are huge differences in levels of polymorphism and rates
of fixation for inversions between closely related species and between
chromosomes within a species, for example in Drosophila [4].
Sex Chromosomes
Inversions have played a key role in the evolution of sex
chromosomes. In groups like mammals, the Y chromosome is
Box 1. What are chromosome inversions?
Inversions are a diverse class of chromsomal mutation. The
majority are small (,1KB) [3]. Others, for example the
famous 3RP inversion of Drosophila melanogaster, are
several megabases in size, include several percent of the
entire genome and span hundreds or thousands of genes
[10].
Inversions fall into two classes: pericentric inversions
include a centromere, while paracentric inversions do not.
With pericentric inversions, a single crossover event that
occurs between the breakpoints of a heterozygote
produces unbalanced gametes that carry deletions,
insertions, and either zero or two centromeres. This can
reduce fertility, making the inversions underdominant
(lowered heterozygote fitness). Some pericentric inver-
sions apparently escape fitness costs when heterozygous,
however, perhaps because they somehow suppress
recombination [33]. Although these may represent but a
small fraction of all pericentric inversions that arise by
mutation, they are likely to be greatly enriched among
those that spread to fixation. There are large systematic
differences between taxa in the frequency and severity of
fitness effects. For example, heterozygotes for inversions
seem to show decreased fertility in plants much more
commonly than in animals [10].
By contrast, many of the paracentric inversions segregat-
ing in nature may not suffer from underdominance. This is
likely a major reason why they are orders of magnitude
more common than pericentric inversions, both as
polymorphisms within and fixed differences between
species [33].
Inversions were first seen in the giant salivary chromo-
somes of larval flies, and Diptera remains the group in
which large inversions can be most easily detected.
Chromosome staining techniques are able to visualize
inversions in some other groups, including mammals, but
with much lower resolution (and greater effort). The
presence of an inversion is suggested when a certain cross
consistently shows blocked recombination in part of the
genome, but this observation requires genetic markers
that have been mapped. Sequencing is a third way in
which inversions are detected. The short reads that are
characteristic of current high-throughput sequencing
methods are well-suited to determine if an individual
carries an inversion that has already been characterized by
its breakpoints, but this technology is poor at prospecting
for new inversions.
Figure 2. Schematic showing the suppression of recombination
in an inversion heterozygote. Two loci segregate for the alleles (A,
a) and (B, b). An individual that is heterozygous at both loci and for the
inversion does not produce the recombinant gametes A/b and a/B.
doi:10.1371/journal.pbio.1000501.g002
Figure 1. Chromosome inversions that distinguish humans and
c impanz es inferr d from a comparison of their genomic
sequences [3]. The human chromosome is shown on the left and its
chimpanzee homologue on the right for the autosomes and the two
sex chromosomes (X and Y). Each red line corresponds to an inversion,
with larger inversions (.100 kb) represented by multiple lines.
doi:10.1371/journal.pbio.1000501.g001





2003),	 the	 products	 of	which	 then	went	 on	 to	 become	 two	 telocentric	 chromosomes	which	
developed	their	own	telomeric	regions	to	prevent	further	fusions	(Giannuzzi	et	al.	2013).		
	
In	 terms	 of	 chromosomal	 fusions,	 another	 example	 using	 the	 human	 karyotype	 is	 that	 of	















down-regulated,	 the	 risk	 of	 cancer	 is	 greatly	 increased	 by	 potentially	 inactivating	 a	 tumour	
suppression	gene	or	activating	an	oncogene	(McLachlan	&	O’Bryan	2010).	The	translocation	may	





Strictly	 speaking,	 most	 chromosomal	 fusions	 are	 technically	 reciprocal	 translocations	 as	






occurred	 in	 acrocentric	 or	 telocentric	 chromosomes	 where	 the	 exchanged	 region	 of	 each	
chromosome	occurs	in	a	very	distal	region	of	the	chromosome,	leaving	a	very	small	derivative	
product	which	is	subsequently	lost	in	meiosis	(Schubert	&	Lysak	2011).	In	humans,	the	source	of	










trisomy	 (e.g.	 familial	Down’s	syndrome)	or	a	complete	monosomy.	Monosomic	zygotes	 from	



















































(as	 shown	 in	 Figure	1-24).	 This	 can	be	a	 result	of	meiotic	pairing	errors	between	misaligned	
chromosomes,	often	at	sites	with	a	large	degree	of	repeat	DNA.	This	type	of	rearrangement	may	
have	the	effect	of	increasing	the	number	of	genes	in	the	region	affected	thereby	altering	gene	
dosage.	 Duplications	 have	 long	 been	 considered	 to	 be	 an	 important	 factor	 in	 evolution,	




Copy	 number	 variation	 (CNV)	 is	 thought	 to	 contribute	 to	 phenotypic	 variation,	 disease	 and	
speciation,	however	until	 recently	most	 studies	 focussed	on	 the	differences	within	a	 species	
(mostly	humans	and	some	farm	animals).	An	example	of	CNVs	in	humans	is	that	of	variation	in	
the	AMY1	gene	which	encodes	for	one	type	of	the	starch	digesting	enzyme	amylase.	In	this	case,	
variations	are	 seen	both	between	primates	and	humans	 (suggesting	an	ancestral	origin)	 and	




ber of copy number polymorphisms within the normal population [10,28]. These studies
suggest that high-resolution arrays, if applied in a clinical setting will detect copy number
variation not necessarily associated with an abnormal phenotype and thus generate data of
unknown significance. If array-CGH is to be used for prenatal diagnosis, the format of the
array warrants careful consideration. We have chosen to develop an array of lower-density,
which will still provide genome-wide coverage at an average resolution of 10Mb but also
containing additional clones at increased density for the targeted detection of selected
microdeletion/microduplication syndromes as well as a sub-telomeric clone set [15]. We
have used this targeted prenatal array in a pilot study of 30 pre and postnatal samples. With
the exception of one single case of triploidy, we were able to detect all abnormalities pre-
viously identified by microscopic karyotype analysis or postnatal FISH (Fig. 1: Cri-du-
Chat syndrome). In addition, were able to show an improved detection rate compared to
hybridising the same samples on to an array of 1Mb resolution (manuscript in preparation).
Commercial arrays from Spectral Genomics (www.spectralgenomics.com) and
Vysis/Abbott (www.vysis.com) are currently available which detect unbalanced chromo-
some rearrangements associated with known genetic syndromes, mental retardation and
telomeric abnormalities. Both arrays contain clones for the targeted detection of clinically
implicated loci, as well as the identification of unbalanced chromosome rearrangements
for each chromosome. Schaeffer et al. used the GenoSensor Array 300 kit (Vysis/Abbott),
for the analysis of 41 products-of-conception previously screened by G-banding [27]. This
Fig. 1. Array-CGH data for sample of Cri-du-Chat syndrome on both the prenatal (A) and 1Mb (B) arrays.
Deletion identified by microscopic karyotype analysis and DNA isolated from cultured amniocytes.
The X axis represents the distance in Mb from the p telomere.
The Y axis represents the hybridisation ratio given as a log2 scale.
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mother and 33-y-old father, born at term after an uneventful
pregnancy. His other had taken no medication before or
during pregnancy. There was no family history of repeated
miscarriages, mental retardation, or malformation syndromes.
The neonate was born by caesarean section because of reduced
uterine contractions in the 38th wk of gestation. Apgar score
was 5 at five minutes. His birth weight was 2,700 g, length was
45 cm, and head circumference was 30 cm. On examination,
the neonate had unusual facial features in the form of micro-
cephaly, depressed nasal bridge, hypertelorism, low-set ears,
and a small jaw. He was born with a congenital heart defect and
hypotonia. Other inter al organs were normal.
Blood samples from the neonate and his parents were
drawn after informed consent. Lymphocyte culture upon
phytohemagglutinin stimulatio and G-banding analysis
were performed in standard clinical settings for three sam-
ples [5].
DNA was extracted using the Qiagen Autopure LS instru-
ment (Qiagen, Valencia, CA) following the manufacturer rec-
ommended procedure. Genomic DNA was analyzed by the
commercially available Human Genome CGHMicroarray Kits
180K (Agilent Technologies, Santa Clara, California, USA).
This array comprises 180,880 60-mer oligonucleotide probes
with a median probe spacing of 20 Kb. To detect chromosomal
rearrangements, 2 μg of patient genomic DNA was competi-
tively hybridized with 2 μg of ethnicity matched control DNA.
Genomic DNA labeling, hybridization, scanning, image extrac-
tion, data generation, and visualization were all performed
according to the manufacturer’s instructions. Changes in test
DNA copy number at a specific locus were observed as the
deviation of the log2 ratio value of 0 of at least four consecutive
probes.
FISH experiments were performed on metaphase spreads
using the following commercially available 5p15.2 Vysis LSI
D5S23, D5S721/5q31 Vysis LSI EGR1 probe, and 8M16/SP6
TelVysion 12p/VIJyRM2196 T lVysi n 12q probe (Abbott
Molecular, Illinois, U.S.A). Ten metaphase spreads were
analyzed for each FISH experiment.
Results
The neonate was found to have the karyotype 46, XY,
der(5)(p?) (Fig. 1). Father was a balanced translocation car-
rier with a karyotype 46, XY, t(5; 12)(p14.2; p13.1), the
translocation was observed in all metaphases analyzed.
Mother was cytogenetically nor al (karyotype not shown).
In order to scan for genomic abnormalities and identify the
chromosome translocation, oligonucleotide aCGH was per-
formed in the neonate. The unknown chromosome changes
detected by conventional cytogenetics were identified by
oligo array CGH. Two regions of chromosomal aberrations
were showed. The region of gain was 12p13.1–>pter, while
the loss was detected in 5p14.2–>qter. In the neonate, the
duplication on 12p13.1–>pter was mapped in a 14.602-Mb
Fig. 1 Partial G-banded karyotype showing the 5 and 12 chromosomes
Fig. 2 FISH confirmation of deletion of 5p14.2–>qter (a) and dupli-
cation of 12p13.1–>pter (b) in the case with Cri du Chat syndrome.
a A single green signal could be seen on the normal chromosome 5,
while the green signal was absent on the derivative chromosome 5, two
red signals were seen on the 5qter of both homologues. bA single green
signal could be seen on two normal chromosome 12 and the derivative
chromosome 5, two red signals were seen on the 12qter of two chro-
mosome 12, while the red signal was absent on the derivative chromo-
some 5
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mother and 33-y-old father, born at term after an uneventful
pregnancy. His mother had taken no medication before or
during pregnancy. There was no family history of repeated
miscarriages, mental retardation, or malformation syndromes.
The neonate was born by caesarean section because of reduced
uterine contractions in the 38th wk of gestation. Apgar score
was 5 at five minutes. His birth weight was 2,700 g, length was
45 cm, and head circumference was 30 cm. On examination,
the neonate had unusual facial features in the form of micro-
cephaly, depressed nasal bridge, hypertelorism, low-set ears,
and a small jaw. He was born with a congenital hear defect and
hypotonia. Other internal organs were normal.
Blood samples from the neonate and his parents were
drawn after informed consent. Lymphocyte culture upon
phytohemagglutinin stimulation and G-banding analysis
were performed in standard clinical settings for three s m-
ples [5].
DNA was extracted using the Qiagen Autopure LS instru-
ment (Qiagen, Valencia, CA) following the manufacturer rec-
ommended procedure. Genomic DNA was analyzed by the
commercially available Human Genome CGHMicroarray Kits
180K (Agilent Technologies, Santa Clara, California, USA).
This array comprises 180,880 60-mer oligonucleotide probes
with a median probe spacing of 20 Kb. To detect chromosomal
rearrangements, 2 μg of patient genomic DNA was competi-
tively hybridized with 2 μg of ethnicity matched control DNA.
Genomic DNA labeling, hybridization, scanning, image extrac-
tion, data generation, and visualization were all performed
according to the manufacturer’s instructions. Changes in test
DNA copy number at a specific locus were observed as the
deviation of the log2 ratio value of 0 of at least four consecutive
probes.
FISH experiments were performed on metaphase spreads
using the following commercially available 5p15.2 Vysis LSI
D5S23, D5S721/5q31 Vysis LSI EGR1 probe, and 8M16/SP6
TelVysion 12p/VIJyRM2196 TelVysion 12q probe (Abbott
Molecular, Illinois, U.S.A). Ten metaphase spreads were
analyzed for each FISH experiment.
Results
The neonate was found to have the karyotype 46, XY,
der(5)(p?) (Fig. 1). Father was a balanced translocation car-
rier with a karyotype 46, XY, t(5; 12)(p14.2; p13.1), the
translocation w s obs rv d in all metaphases analyzed.
Mother was cytogenetically normal (karyotype not shown).
In order to scan for genomic abnormalities and identify the
chromosome translocation, oligonucleotide aCGH was per-
formed in the neonate. The unknown chromosome changes
detected by conventional cytogenetics were iden ified by
ligo array CGH. Tw regions of chromosomal aberrations
were showed. The region of gain was 12p13.1–>pter, while
the loss was detected in 5p14.2–>qter. In the neonate, the
duplication on 12p13.1–>pter was mapped in a 14.602-Mb
Fig. 1 Partial G-banded karyotype showing the 5 and 12 chromosomes
Fig. 2 FISH confirmation of deletion of 5p14.2–>qter (a) and dupli-
cation of 12p13.1–>pter (b) in the case with Cri du Chat syndrome.
a A single green signal could be seen on the normal chromosome 5,
while the green signal was absent on the derivative chromosome 5, two
red signals were seen on the 5qter of both homologues. bA single green
signal could be seen n two normal chromosome 12 and the derivative
chromosome 5, two ed signals wer seen on the 12qter of two chro-
mosome 12, while the red signal was absent on the derivative chromo-
some 5






As	 described	 in	 section	 1.1.3	 above,	 array-CGH	has	 also	 been	used	 as	 a	 tool	 beyond	 clinical	
diagnosis	 with	 investigations	 into	 cross	 species	 genomic	 comparisons	 allowing	 for	 the	





Other	 structural	 rearrangements	 include	 abnormalities	 such	 as	 isochromosomes	 and	 ring	
chromosomes.	Isochromosomes	occur	when	the	two	arms	of	a	chromosome	divide	incorrectly	



























(Muntiacus	muntjak)	 and	 as	 high	 as	 102	 in	 the	 viscacha	 rat	 (Tympanoctomys	 barrerae)	 as	
















Figure	1-27:	Variation	 in	diploid	 chromosome	number.	a)	Metaphase	 spread	of	 the	 Indian	Muntjac	 (Muntiacus	




The	 highly	 distinctive,	 ‘signature’	 avian	 karyotype	 is	 typically	 divided	 into	 around	 10	macro	
chromosomes	 and	 around	 30	 multiple	 evenly	 sized,	 morphologically	 indistinguishable	
microchromosomes	(Christidis	1990;	Masabanda	et	al.	2004;	Griffin	et	al.	2007),	some	of	 the	
better-characterised	 examples	 of	 which	 are	 illustrated	 in	 Figure	 1-28.	 The	 morphological	
similarity	of	the	microchromosomes	and	the	sheer	number	of	them	makes	it	almost	impossible	
to	 analyse	with	 classic	 cytogenetic	 techniques	 such	as	 karyotyping.	 In	 fact,	 to	date	although	
around	1,000	karyotypes	have	been	published	for	a	class	that	represents	around	10,000	extant	










Figure	 1-28:	 Typical	 avian	 karyotype	 organisation	 with	 few	 macrochromosomes	 and	 many,	 morphologically	
indistinguishable	 microchromosomes.	 From	 the	 top	 down,	 chicken,	 Japanese	 quail,	 turkey	 and	 duck	 are	
represented	(Schmid	et	al.	2005).	
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Fig. 7. The typical organization of avian ka-
ryotypes comprising a few macrochromosome
pairs and a lot of tiny microchromosomes. Chick-
en (Gallus gallus domesticus) 2n = 78, quail (Co-
turnix coturnix japonica) 2n = 78, turkey (Melea-
gris gallopavo) 2n = 80, duck (Anas platyrhyn-
chos) 2n = 80.
interest for the mapping of quantitative trait loci (QTL). This
knowledge on the chicken genome could be of direct benefit for
other poultry species and therefore comparative mapping stud-
ies were developed.
Most of the avian karyotypes share the same typical organi-
zation comprising a few macrochromosome pairs and many
microchromosomes, too small to be identified unambiguously
and usually classified approximately by size (Stock and Bunch,
1982) (Fig. 7). In chicken, a standard for the eight macrochro-
mosome pairs, plus the Z and W gonosomes has been described
(Ladjali-Mohammedi et al., 1999) and 22 of the thirty micro-
chromosome pairs have been identified by FISH markers, the
others still remaining indistinguishable (Fillon et al., 1998;
Schmid et al., 2000).
This presence of microchromosomes complicated greatly






Both	 non-avian	 reptiles	 and	 birds	 generally	 display	 a	 similar	 karyotype	 pattern	with	 a	 small	
number	 of	 macrochromosomes	 (up	 to	 10	 pairs)	 and	 many	 smaller	 morphologically	
indistinguishable	 microchromosomes,	 the	 exception	 being	 the	 crocodilians	 which	 lack	
















 Kasai  /O’Brien  /Martin  /Ferguson-Smith  
 
Cytogenet Genome Res 2012;136:303–307304
has been speculated that numerous chromosome fusions 
leading to the low chromosome number must have oc-
curred after their divergence from other reptiles. However, 
the precise mechanism of rearrangements is unknown.
 Both cytogenetic studies and sequence data have been 
used to determine cross-species chromosome homology, 
but in reptiles the genome sequence database is limited 
and the complete analysis of chromosomes and genomes 
is still lacking. We now extend our comparative chromo-
some painting study to investigate the homology of chick-
en chromosomes 1–8 to the chromosomes of a turtle and 
a crocodile. Our results indicate extensive large chromo-
some synteny between chicken, turtle and crocodile, and 
show that the rearrangements occurring in crocodile 
karyotype evolution must have resulted from fissions fol-
lowed by fusions.
 Materials and Methods 
 The red-eared slider ( Trachemys scripta elegans , TSC) and Nile 
crocodile ( Crocodylus niloticus , CNI) cells were grown from em-
bryonic tissues obtained from La Ferme aux Crocodiles. Chromo-
some-specific DNA was made from chromosomes sorted by flow 
cytometry; methods and flow karyotypes of TSC and CNI are 
given in Kasai et al., 2012. Metaphase slide preparations were 
made according to conventional protocols as described in Rens et 
al. [2006]. The identity of chromosome-specific DNA was verified 
by labelling with biotin-16-dUTP (Roche Applied Science, Penz-
berg, Germany) by hybridisation to respective metaphases using 
standard FISH protocols. Briefly, the freshly made metaphase 
slides were denatured in 0.1  M sodium hydroxide for 20–25 s and 
dehydrated through an ethanol series. Post-hybridisation wash-
ing for cross-species experiments was performed in 50% for-
mamide/2 ! SSC at 39   °   C for 10 min. Hybridisation signals were 
detected by Cy3-avidin (GE Healthcare, Little Chalfont, UK) and 
slides were counterstained by Vectashield with DAPI (Vector Lab-
oratories, Burlingame, Calif., USA). Images were taken by a 
cooled CCD camera mounted on a Leica DMRXA microscope. 
FISH images were analysed using the Leica CW4000 QFISH soft-
ware or Adobe Photoshop CS2.
 Results 
 The red-eared slider has 14 pairs of macrochromo-
somes and 22 indistinguishable microchromosomes 
( fig.  1 a) and the Nile crocodile has 32 chromosomes 



















1 2 3 4 5 6 7
1 2 3 4 5 6 7 8
9 10 11 12 13 14 15 16
Table 1. C hromosome correspondence between chicken, the red-
eared slider and the Nile crocodile revealed by FISH using GGA, 
























a Da ta reported previously by Pokorná et al. [2011].
 Fig. 1. The DAPI-stained karyotype of the red-eared slider (TSC, 
2n = 50;  a ) and Giemsa-stained karyotype of the Nile crocodile 
(CNI, 2n = 32;  b ) with homology of chicken to the right of each 
























   
   
   
   



















(accession no. AB254800) was localized to the distal regions on
the long arm of the Z chromosome and the short arm of the W
chromosome (Fig. 4a). The size of the fragment was 1,261 bp,
and its G!C content was 40.0%, indicating that it was AT-rich.
To examine the genomic organization of the sex chromosome-
specific BamHI repeated sequ nce, the genomic DNA digested
with six restriction endonucleases was subjected to Southern blot
hybridizatio with the BamHI B4 fragm as p obe (Fig. 4d). A
weakly hybridized band corresponding to the monomer unit was
observed at 1.3 kb in the BamHI digest. Ladder bands, some of which did not correspond to the sizes of polymeric bands of the
BamHI repeated sequence element, were detected "2.5–10 kb,
and intense hybridization signals were observed at higher mo-
lecular weight than 10 kb. This result indicates that the BamHI
sites are conserved in the repetitive DNA sequences but are not
frequ nt in t e genome. Many intens ly hybridized bands were
detected "1.5–23 kb in the MspI digest but not in the HpaII
digest. The restriction sites of HpaII and MspI are both
‘‘CCGG’’, and HpaII does not cleave when the second cytosine
is methylat d, whereas MspI cleaves when the CG sequence is
methylated. The difference in hybridization patterns between
the MspI and HpaII digests suggests that the BamHI repeated
sequence undergoes extensive methylation in the genome.
The BamHI repeated sequence was conserved in the genome
of P. molurus and T. flavoviridis and cross-hybridized to the
chromosomes of the two species (Fig. 4 b and c). The hybrid-
ization signals were localized to the distal regions of the short
arms of the Z and W chromosomes in the two species. Thus, the
nucleotide sequence and chromosomal location of the BamHI
repeated sequence is highly conserved in Henophidia and
Caenophidia.
Chromosome Mapping of DMRT1 and SOX9. DMRT1 and SOX9 are
highly conserved in vertebrates as sexual differentiation genes
with important roles in testis differentiation (25–27). We mo-
lecularly cloned DMRT1 (accession no. AB254801) and SOX9
(accession no. AB254802) from the adult testis of T. flavoviridis
by RT-PCR. The primer sets for the DMRT1 and SOX9 genes
amplified 1,168-bp and 1,390-bp products, respectively, and their
chromosomal locations of the DMRT1 and SOX9 genes were
determined for the three species by FISH. In our study (4),
Fig. 3. G-banded karyotypes and C-banded sex chromosomes of three snake
species, P. molurus (a and b), E. quadrivirgata (c and d), and T. flavoviridis (e
and f ). Macrochromosomes other than sex chromosomes are numbered ac-
cording to size in each species.
Table 1. The list of the genes mapped to microchromosomes





NEF3 Micro 8p 22
ASB6 Micro 9q #
RPL12 Micro 9q 17
FLJ25530 Micro 11q #
HSPA8 Micro 11q 24
GLCE Micro 15q un
POLG Micro 15q 10
LOC283820 Micro 16p 14
PARN Micro 16p 14
AT X Micro Xq 4
un, the nucleotide sequence of the gene was annotated in the chicken
genome sequence, but its chromosomal location has not been yet identified.
#, no significant homology was found.
*The chromosomal locationswere referred from theUniGene database of the
National Center for Biotechnology Information (NCBI, www.ncbi.nlm.nih.
gov).
†The chromosomal locations of h cken homologue were defined by using
the BLASTNprogramof Ensembl (www.ensembl.org!index.html) and!or the
tblastx program of NCBI.
Fig. 4. Cytogenetic and molecular characterization of a sex chromosome-
specific repetitive sequence. (a–c) Chromosomal localization of the BamHI
repeat sequence to chromosomes of E. quadrivirgata (a), P. molurus (b), and
T. flavoviridis (c). Arrows indicate the hybridization signals. (d) Southern blot
hybridization of E. quadrivirgata genomic DNA probed with the BamHI H4
fragment. Each lane contained 5 !g of genomic DNA. A mixture of lambda
DNA digested with HindIII and phiX174 phage DNA digested with HaeIII was
used as a molecular size marker.







































2013).	The	 larger	genomes	seen	 in	mammals	are	primarily	due	 to	 the	presence	of	 increased	




TGG AAT ATT ATA AYT GC-30; R1, 50-TAT TGT
TTT NCC NAG NCC CAT TTC A-30; F2, 50-TGG
TGC AAA GGN AAT AGT TGY ATH C-30; R2, 50-
AGY TCY TTG TGN AGR CTT GCA TAA CC-30;
F3, 50-TGT AAC CAT TGC TAC CTC ATT AAR
CC-30; R3, 50-AGA TCA TTY TGT GGA TTC CAR
TCN GAA TCR-30. Amplification of the fragments
was achieved using the Ex Taq system (Takara
Biomedical). The PCR conditions were an initial
denaturation at 94-C for 2min, followed by 35 cycles
of 94-C for 30 s, 60-C for 30 s and 72-C for 30 s; and
finally 72-C for 5min. The PCR products with more
than one band were separately isolated and subcloned
using the pGEM-T Easy Vector System (Promega).
Figure 1. Giemsa-stained karyotypes of chicken (2n = 78) (a), the Chinese soft-shelled turtle (2n = 66) (b) and the Japanese four-striped rat
snake (2n = 36) (c).





compared	 to	 12.6	 Mb	 in	 the	 alligator	 and	 34.9	 Mb	 in	 green	 sea	 turtle	 (Chelonia	 mydas),	




reptilian	 genes)	 and	 is	 speculated	 to	 be	 connected	 with	 the	 requirements	 of	 rapid	 gene	
regulation	 required	 for	 flight	 (Zhang	 G.	 et	 al.	 2014a).	 In	 the	 chicken	 (representative	
karyologically	of	 the	majority	of	avian	species),	macrochromosomes	range	 in	size	 from	30	 to	
250Mb	and	microchromosomes	are,	on	average,	only	12Mb	in	length,	the	smallest	being	3Mb	
(Pichugin	et	al.	2001).	One	remarkable	feature	observed	in	most	avian	karyotypes	is	the	high	




Burt	 (2002)	 proposed	 that	 the	microchromosomes	 present	 in	 birds	 were	 established	 in	 the	
ancestral	vertebrate	karyotype	400	mya,	which	appears	to	be	supported	by	the	Nakatani	2007	
study	 described	 in	 section	 1.2.1.1	 which	 found	 that	 many	 of	 the	 avian	 microchromosomes	








with	 fewer	 microchromosomes	 suggesting	 evidence	 of	 chromosomal	 fusion.	 The	 use	 of	
chromosome	 paints	 derived	 from	 chicken	 (see	 section	 1.1.2.3)	 has	 shown	 a	 high	 degree	 of	
conservation	between	the	macrochromosomes,	which	supports	the	view	that	the	avian	genome	
is	 highly	 conserved,	 even	 across	 large	 phylogenetic	 distances.	 Technical	 difficulties	 creating	











that	 the	 same	 does	 not	 apply	 to	 intrachromosomal	 rearrangements,	 which	 are	 seen	
considerably	more	frequently	 (Völker	et	al.	2010;	Skinner	&	Griffin	2011).	Comparison	of	the	
genomes	of	chicken,	turkey	and	zebra	finch	and	analysis	using	the	Genalyzer	tool	(Choudhuri	et	
al.	 2004)	 revealed	 a	 high	 degree	 intrachromosomal	 rearrangement	 within	 the	
macrochromosomes,	many	of	which	were	subsequently	confirmed	by	FISH	(fluorescence	in	situ	
hybridisation)	 (Völker	 et	 al.	 2010;	 Skinner	 &	 Griffin	 2011).	 Analysis	 of	 intrachromosomal	
rearrangements	in	the	microchromosomes	however	is	limited.	To	date,	cross-species	analysis	of	
microchromosomes	between	birds	has	been	limited	to	two	main	studies:	the	first	by	Rao	and	
colleagues	 used	 their	 radiation	 hybrid	 assembled	 duck	 genome	 to	 compare	 the	
microchromosomes	of	the	duck	to	those	of	the	chicken	(Rao	et	al.	2012).	The	second	study	was	
performed	by	our	group	(Lithgow,	O'Connor	R.E.	et	al.	2014)	and	found	no	interchromosomal	
















is	 the	 exception	 however	 as	 the	 GC	 microchromosomal	 content	 in	 another	 lepidosaur,	 the	
Japanese	 four-striped	 rat	 snake	 (Elaphe	quadrivirgata)	 is	more	 consistent	with	 that	 of	 birds	
(Matsubara	et	al.	2012).	Alföldi	and	colleagues	also	argued	 that	 rather	 than	 just	exhibiting	a	







(Bernardi,	 2000)	 compared	 to	 the	 surrounding	 regions	 and	 therefore	 correspond	 to	
chromosomal	bands	(Saccone	et	al.	1993).	Costantini	and	colleagues	have	recently	disputed	this	
claim,	instead	finding	that	within	the	macrochromosomes,	isochores	from	the	L2	and	H1	families	
(GC	 poor	 and	 GC	 rich	 families	 respectively)	 are	 in	 fact	 present	 in	 the	 Anolis	 genome	 and	
importantly	 that	 the	microchromosomes	exhibit	a	higher	density	of	H1	 isochores,	 consistent	
with	that	seen	in	the	chicken	genome.	Attributing	the	difference	in	results	to	a	high	proportion	
of	gaps	in	the	sequencing	of	the	Anolis	genome	performed	by	Alföldi’s	group,	Costantini’s	group		
conclude	 that	 the	 Anolis	 genome	 should	 not	 therefore	 be	 considered	 to	 differ	 from	 other	
vertebrates	in	this	case	(Costantini	et	al.	2016).	It	appears	therefore	that	this	low	repeat	genome	





Sex	 chromosomes	 in	 vertebrates	 are	 often	 differentiated	 from	 each	 other,	 as	 either	 male	
heterogamety	as	seen	in	mammals	(XX	female	and	XY	male)	or	female	heterogamety	(ZW	female	










































Unlike	many	 other	 reptiles	where	 sex	 determination	 is	 often	 temperature	 dependent,	 birds	
exhibit	 genetic	 sex	 determination	 (like	 mammals).	 Unlike	 mammals,	 however,	 the	 sex-





















were	able	 to	 identify	 a	 clear	distinction	between	 the	 small,	 characteristically	 avian	genomes	





considered	 to	 be	 an	 adaptation	 for	 the	metabolic	 demands	 of	 flight	 in	 birds,	 such	 as	 small	
genome	size	and	low	repeat	content,	are	features	that	evolved	between	230	and	250	mya	and,	
in	 this	 lineage,	 have	 changed	 little	 since	 (Organ	 et	 al.	 2007).	 Despite	 claims	 in	 the	 scientific	
GG11CH11-Edwards ARI 4 August 2010 16:34
an average phylogenetically corrected genome
size of 3.37 pg ± 0.04 pg (74). Reptile genome
sizes exhibit b th low averages and variances for
groups such as agamids (mean = 1.9 pg, range
= 1.4–2.5) and birds (mean = 1.4 pg, range =
0.97–2.2) and high averages and variances for

























































































































































































segments	of	 the	genome	and	 their	 subsequent	 fusion	 into	different	 combinations.	 This	 then	
leads	to	the	generation	of	gametes	that	can	be	both	genetically	balanced	such	as	those	seen	in	
reciprocal	 translocations	 and	 those	 that	 are	 unbalanced	 (such	 as	 in	 Robertsonian	
translocations).	Homologous	sites	that	take	part	in	chromosome	rearrangements	are	often	in	
repeat	 regions	on	 the	genome,	most	of	which	are	derived	 from	transposable	elements	 (TEs)	
(Kidwell	2001).	A	low	frequency	of	chromosomal	rearrangement	is	widely	considered	to	be	due	
to	a	reduction	in	NAHR	which	in	turn	is	considered	to	be	due	the	low	density	of	repeat	elements	
and	 corresponding	 lack	 of	 substrates	 for	 recombination.	 The	 small	 number	 of	 repeats,	














also	 leads	 to	 chromosomal	 rearrangement.	 Interestingly,	 breakpoint	 sites	 tend	 to	 lie	 near	
telomeres	and	centromeres,	consistent	with	the	formation	of	acrocentric	chromosomes	in	some	
species	and	metacentric	chromosomes	in	others.	Whether	chromosomal	rearrangements	occur	








al.	2004).	 In	 some	animals,	 including	humans,	 recombination	 ‘hotspots’	have	been	 identified	
where	a	 concentration	of	 recombination	events	occurs	 (Arnheim	et	al.	2003).	 In	 the	chicken	
genome	 specifically,	 GC-content	 and	 recombination	 appear	 to	 increase	 with	 decreasing	
chromosome	 size	 (ICGSC	 2004),	 possibly	 explained	 by	 the	 cycle	 of	 ‘biased	 gene	 conversion’	
which	may	 increase	 the	GC	 content	 as	 the	 recombination	 rate	 increases	 (Marais	 2003).	 This	
finding	 is	 consistent	 with	 the	 significantly	 higher	 rate	 of	 recombination	 found	 in	 avian	
microchromosomes	 than	 mammalian	 chromosomes.	 Even	 within	 avian	 species	 there	 is	 a	
marked	 difference	 between	 the	macro	 and	microchromosomes	 with	 a	median	 value	 of	 2.8	
cM/Mb	in	the	macrochromosomes	and	6.4	cM/Mb	in	the	microchromosomes,	compared	to	only	
1-2	cM/Mb	in	mammals	(ICGSC	2004).	Given	that	at	least	one	chiasma	per	bivalent	is	required	




Recombination	 rates	were	 also	 studied	 in	 the	 zebra	 finch	 (Taeniopygia	guttata)	 genome	 for	
variation	by	Backström	et	al.	(2010)	who	found	a	lower	rate	(2	cM/Mb	than	that	seen	in	chicken	
(revised	figure	based	on	inclusion	of	10	microchromosomes	not	featured	in	the	assembly).	They	
also	 found	 a	 significant	 recombination	 bias	 towards	 the	 ends	 of	 the	 chromosomes,	 which	
resulted	in	the	macrochromosomes	effectively	being	a	‘recombination	desert’	with	90%	of	the	
recombination	being	 concentrated	 in	23%	of	 the	genome.	Consistent	with	 that	 found	 in	 the	
chicken	genome,	they	found	a	positive	correlation	between	recombination	rate	and	GC	content	





‘hotspot’	 pattern.	 Similar	 results	 were	 found	 in	 studies	 of	 the	 chicken	 genome,	 where	 a	
telomeric	 recombination	 bias	 and	 strong	 correlation	 was	 also	 found	 between	 high	
recombination	 rates	 and	 GC	 rich	 sequences	 (Groenen	 et	 al.	 2009).	 A	 significant	 correlation	
between	 recombination	 rate	and	chromosomal	breakpoints	 in	 the	 zebra	 finch	has	also	been	
identified	 (Völker	 et	 al.	 2010).	 Pairwise	 comparisons	 of	 avian	 genomes	 have	 facilitated	 the	
identification	 of	 evolutionary	 breakpoint	 regions	 (EBRs)	 (further	 described	 in	 section	 1.5.3),	
allowing	for	a	deeper	analysis	of	genomic	patterns	associated	with	recombination.		
	
In	mammals,	 Larkin	and	colleagues	 found	an	 increased	 rate	of	 recombination	between	EBRs	
(Larkin	 et	 al.	 2009).	 In	 a	 similar	 study,	 Romanov	 et	 al.	 (2014)	 tested	 the	 theory	 that	 higher	
recombination	 rates	 were	 found	 in	 EBRs	 between	 chicken	 and	 zebra	 finch.	 No	 association	
between	regional	recombination	rate	and	EBRs	in	chicken	was	identified,	and	although	a	slightly	
elevated	rate	was	identified	in	the	zebra	finch,	this	was	not	found	to	be	statistically	significant	








fact	 the	 proximity	 of	 DNA	 regions	 to	 each	 other	 within	 chromatin	 and	 that	 the	 repetitive	
sequences	in	fact	have	little	influence	in	this	mechanism	(Branco	&	Pombo	2006).	A	comparison	
of	multiple	mammalian	and	avian	genomes	shows	that	regardless	of	which	theory	underlies	the	








































































than	one	species	 that	does	not	appear	 in	 the	common	ancestor.	Whether	 these	breakpoints	
occur	 at	 random	genomic	 positions	 or	 at	 evolutionary	 ‘hotspots’	 remains	 a	 subject	 of	much	
debate.	The	random	breakage	model	(RBM)	proposed	by	Nadeau	and	Taylor	(1984)	examined	
the	locations	of	around	80	homologous	loci	between	the	genomes	of	human	and	mouse	and	





between	 human	 and	mouse	would	 require	multiple	 closely	 located	 breakages	 inferring	 that	
there	was	some	kind	of	clustering	effect	in	the	breakage	pattern.	They	described	these	regions	














Rearrangements	at	the	chromosome	level	affect	speciation	 in	two	primary	ways;	 firstly,	 they	






gamete	 stage	 and	 subsequently	 contribute	 to	 the	 creation	 a	 viable	heterokaryotypic	 zygote.	




The	 traditional	 chromosome	 speciation	 theory,	 also	 known	 as	 the	 hybrid	 dysfunction	model	
(illustrated	in	Figure	1-34),	uses	three	definitions	of	the	impact	chromosome	rearrangements	
have	 on	 speciation:	 the	 first	 category	 encompasses	 those	 changes	 that	 are	 deleterious	 and	
therefore	rapidly	eliminated	by	natural	selection,	the	second	are	those	that	result	in	population	
polymorphisms	 and	 the	 third	 category	 are	 those	 that	 cause	 ‘underdominance’	 –	 reduced	
reproductive	 fitness	 in	 heterozygotes	 (White	 1969).	 In	 this	 model,	 changes	 such	 as	
translocations,	inversions	etc.	become	fixed	in	a	population	leading	to	speciation.	As	described,	
rearrangements	at	the	chromosomal	level	can	occur	in	several	different	ways:	fusions	and	fission	
of	 chromosomes,	 duplications	 or	 deletions	 of	 chromosomal	 segments,	 inversions	 of	
chromosome	 segments	 and	 finally	 translocations	 between	 non-homologous	 chromosomes.	




dysfunction	model	 is	 that	 it	does	not	allow	for	 the	possibility	 that	a	strongly	underdominant	
rearrangement	 would	 be	 immediately	 removed	 from	 the	 population	 and	 a	 weakly	
underdominant	one	would	not	necessarily	have	a	strong	enough	effect	to	cause	isolation	as	well	








(as	 shown	 in	 Figure	 1-34)	 concentrates	 less	 on	 reduced	 reproductive	 fitness	 but	 instead	 is	
focused	on	reduced	recombination	 levels	which	 in	 turn	 lead	to	a	partial	 reproductive	barrier	
(Navarro	&	Barton	 2003a;	 Rieseberg	 2001;	 Ayala	&	 Coluzzi	 2005).	 The	 theory	 proposes	 that	
reduced	 recombination	 leads	 to	 an	 accumulation	 of	 alleles	 that	 contribute	 to	 reproductive	
isolation,	 adaptive	 differentiation	 and	 the	 build-up	 of	 gene	 divergence	which	 lead	 to	 hybrid	
incompatibilities.	 These	differences	act	as	a	 ‘genetic	 filter’	between	populations	allowing	 for	















Homoplasy	 is	 the	 term	 used	 to	 describe	 phenotypic	 similarities	 that	 have	 arisen	 due	 to	
evolutionary	 convergence	 rather	 than	 being	 inherited	 from	 a	 shared	 common	 ancestor.	
Distinguishing	whether	a	trait	is	homoplasic	in	origin	or	due	to	homology	is	a	key	challenge	in	
phylogenetic	reconstruction	(Avise	&	Robinson	2008).	Homology	itself	can	be	defined	as	being	

















Modified chromosomal speciation theories
(suppressed recombination models)






Speciation theory models. Both models depict an in tial chromosom rearrangement (p pulation v riant) in
the form of an inversion. Following hybridization between (a) submetacentric and (b) acrocentric carriers, a
heterokaryotypic hybrid results (c). Traditional chromosomal speciation theory (hybrid dysfunction model)
postulates the hybrid will experience underdominance (d ). Modified chromosomal speciation theories
(suppressed recombination models) postulate that the rearranged chromosome will experience suppressed
recombination, resulting in either (e) an increased rate of nucleotide change or ( f ) the capture of alleles that
allow ecotypic adaptation in the rearranged region.
Meiotic drive:
asymmetric meiosis in
females in which one
allele is preferentially
transmitted to the





a limited role or, indeed, the absence of a role
for chromosomal rearrangements in genetic
diversity and speciation (31, 115, 133).
A classic exampl of hybrid underdomi-
nance can be found in the morabine Australian
grasshopper species complex, Vandiemenella.
This systemwas used as amodel to demonstrate
the principles of the chromosomal speciation
theory byWhite (149) and King (69), who both
showed independently that when inversions or
centric fusions become fixed in a subpopula-
tion, subsequent hybridizations betwe the ad-
jacent populations result in sterile interspecific
hybrids. Through his studies of the karyotypic
diversity among these grasshoppers, White
first evoked meiotic drive to explain the rapid

























































































Order	 Common	Name	 Species	Name	 Author	
Anseriformes	 Greylag	goose	 Anser	anser	 Guttenbach	et	al.	2003	
Galliformes	 Chinese	bamboo-partridge	 Bambusicola	thoracica	 Shibusawa	et	al.	2004	
Galliformes	 Chinese	quail	 Coturnix	chinensis	 Shibusawa	et	al.	2004	
Galliformes	 Common	peafowl	 Pavo	cristatus	 Shibusawa	et	al.	2004	









In	 the	 majority	 of	 other	 species	 analysed,	 including	 representatives	 of	 the	 Anseriformes,	
Casuariiformes,	 Cathartiformes,	 Galliformes,	 Passeriformes,	 Psittaciformes,	 Rheiformes,	
Struthioinformes	 and	 Tinamiformes	 order,	 the	 two	 chromosomes	 appear	 independently	 as	









It	 also	 seems	 that	 this	ancestral	 region	has	not	 lost	 the	characteristically	microchromosomal	
properties	of	high	gene	density	and	recombination	rate	(ICGSC	2004).	The	repeated	pattern	of	




Figure	 1-35:	 Ancestral	 avian	 macrochromosome	 karyotype	 with	 chicken	 orthologues	 highlighted	 in	 red	 text	
(adapted	from	Griffin	et	al.	2007).	
	
Before	 considering	 the	 role	 of	 chromosomes	 in	 the	 evolution	 of	 birds,	 reptiles	 (and	 indeed	
dinosaurs)	 it	 is	 perhaps	 prudent	 to	 conclude	 this	 introduction	 with	 a	 consideration	 of	 the	
evolutionary	events	and	phenotypic	features	of	the	species	being	studied.		
	 	

























remained	 relatively	 low	 in	both	 the	 lepidosaurs	and	 the	archosauromorphs	until	 the	Permo-
Triassic	mass	 extinction	 event	 (PTME)	 devastated	 the	 synapsids	 around	 251	mya	 (Benton	&	
Twitchett	2003).	Massive	volcanic	eruptions	in	the	Siberian	Trapps	are	thought	to	have	initiated	




change.	 Estimates	 indicate	 that	 it	 took	 10-15	 million	 years	 before	 ocean	 reefs,	 forests	 and	
vertebrates	were	re-established	after	the	PTME	(Benton	et	al.	2013).	
	
The	 stem-groups	 of	 lepidosauria	 and	 archosauria	 also	 include	 several	 extinct	 lineages	 that	
existed	in	the	Triassic	period	including	the	rynchosaurs	(Ezcurra	et	al.	2014).	Of	the	lepidosaurs,	





extant	 example	 of	 its	 order,	 the	 rhynchocophelia	 (Rauhut	 et	 al.	 2012).	 Assuming	 that	 the	
majority	 of	 recent	 molecular	 phylogenies	 of	 amniote	 interrelationships	 are	 correct,	 turtles	
(testudines)	 diverged	 from	 archosauromorphs	 first,	 with	 the	 origin	 of	 crown	 archosaurs	
(crocodiles,	birds	and	their	extinct	relatives).	Archosauria	exhibits	a	basal	split	into	the	crocodile-






the	 earliest	 dinosaur	 appeared	 about	 235	 mya	 (in	 the	 early	 Late	 Triassic	 period)	 and	 their	






















































bipedal	 archosaurs	 with	 long	 hind	 limbs	 and	 extended	 metatarsals	 that	 sit	 within	 the	
avemetatarsalian	clade	 (Benton	et	al.	2013).	Previous	 research	dated	 the	oldest	unequivocal	
dinosaur	fossils	to	230	mya	(Martinez	et	al.	2011),	however	recent	fossil	finds	now	indicate	that	
































the	 descendants	 of	 dinosaurs	 –	 the	 birds.	 There	 is	 little	 doubt	 that	 modern	 birds	 are	 the	
descendants	of	dinosaurs	with	fossil	evidence	showing	that	both	groups	shared	features	such	as	
feathers,	 oviparity,	 brooding	behaviours	 and	 skeletal	 similarities	 (Varricchio	 et	 al.	 2008),	 the	




Originating	 around	 150	mya	 in	 the	 late	 Jurassic,	 birds	 (the	 living	 descendants	 of	 dinosaurs)	



























avian	 diversification	 has	 been	 a	 subject	 of	much	 debate	 (Jarvis	 et	 al.	 2014).	 The	 first	 avian	






dated	 to	before	 the	K-Pg	boundary	 (67-69	mya).	The	 rest	of	 the	divergences	within	neoaves	
were	largely	complete	at	the	ordinal	level	by	50	mya	with	the	Passeriformes	basal	split	estimated	
to	be	approximately	39	mya	(Jarvis	et	al.	2014).	The	K-Pg	event	was	another	period	of	abrupt,	



















2016).	 Modern	 birds	 belong	 to	 the	 class	 Aves	 and	 the	 subclass	 Neornithes.	 They	 are	
characterised	 by	 a	 combination	 of	 features	 not	 seen	 together	 in	 other	 vertebrates,	 such	 as	
homeothermy,	 flight	 (with	 the	 exception	 of	 penguins	 and	 ratites),	 oviparity,	 nesting,	 the	
for estimating species trees from genome-scale
concatenated sequence alignments (SM4) (55–57).
We also developed a statistical binning approach
that improves multispecies coalescent analyses
for handling gene trees with low phylogenetic
signal to infer a species tree (SM5) (58). These
computationally intensive analyses were con-
ducted on more than 9 supercomputer centers
and required the equivalent of >400 years of com-
puting using a single processor (SM3 and SM4).
From these efforts, we identified a high-quality
orthologous gene set across avian species, con-
sisting of exons from 8251 syntenic protein-
coding genes (~40% of the proteome), introns
from 2516 of these genes, and a nonoverlapping
set of 3769 ultraconserved elements (UCEs) with
~1000 bp of flanking sequences. This total evi-
dence nucleotide data set comprised ~41.8 mil-
lion bp (table S3 and SM4), representing ~3.5%
of an average avian genome.
A genome-scale avian phylogeny
Total evidence nucleotide tree
The total evidence nucleotide alignment parti-
tioned by data type (introns, UCEs, and first and
second exon codon positions; third positions ex-
cluded as described later) analyzed with ExaML
under the GTR+GAMMAmodel of sequence evo-
lution (SM4) resulted in a highly resolved total
evidence nucleotide tree (TENT) (Fig. 1 and fig.
S1). The three recognized major groupings within
extant birds—Palaeognathae, Galloanseres, and
Neoaves (the latter two united in the infraclass
Neognathae)—were recovered with full (100%)
bootstrap support (BS). The tree revealed the first
divergence within extant Neoaves, resulting in two
fully supported, reciprocally monophyletic sister
clades that we named Passerea (after its most
speciose group Passeriformes) and Columbea
(after its most speciose group Columbiformes)
(Fig. 1; see SM6 for rationale of clade names).
Within Passerea, the TENT strongly confirmed
themonophyly of two large closely related clades
that we refer to as core landbirds (Telluraves) and
corewaterbirds (Aequornithia) (8, 16, 17, 27, 36, 59);
1322 12 DECEMBER 2014 • VOL 346 ISSUE 6215 sciencemag.org SCIENCE
Fig. 1. Genome-scale phylogeny
of birds.The dated TENT
inferred with ExaML. Branch colors
denote well-supported clades
in this and other analyses. All BS
values are 100% except where
noted. Names on branches denote
orders (-iformes) and English group
terms (in parentheses); drawings are
of the specific species sequenced
(names in table S1 and fig. S1). Order
names are according to (36, 37)
(SM6).To the right are superorder
(-imorphae) and higher unranked
names. In some groups, more than
one species was sequenced, and
these branches have been collapsed
(noncollapsed version in fig. S1).Text
color denotes groups of species with
broadly shared traits, whether by
homology or convergence.The arrow
indicates the K-Pg boundary at
66 Ma, with the Cretaceous period
shaded at left. The gray dashed line
represents the approximate end time
(50 Ma) by which nearly all neoavian
orders diverged. Horizontal gray bars
on each node indicate the 95%
credible interval of divergence time in
millions of years.










The	 phenotypic	 diversity	 seen	 in	 birds	 is	 extraordinary,	 with	 sizes	 ranging	 from	 the	 bee	
hummingbird	 (Mellisuga	 helena)	 at	 approximately	 5cm	 in	 length	 to	 the	 ostrich	 (Struthio	
camelus),	which	stands	over	2	metres	tall.	Birds	have	a	high	core	body	temperature	(39-41°C),	
high	blood	glucose	levels	and	energy	expenditure	levels	that	are	five	or	more	times	higher	than	
commonly	seen	 in	mammals.	Comparison	with	similar	 sized	mammals	show	the	birds	 in	 fact	
tend	to	live	longer	despite	the	higher	energy	use	(Holmes	&	Ottinger	2003).	Birds	are	social,	with	
varying	degrees	of	communication	complexity	including	the	use	of	calls	and	song,	and	in	some	
cases	 communicating	 with	 visual	 display.	 Birds	 can	 also	 be	 socially	 cooperative,	 exhibiting	




of	 virology,	 immunology	 and	 developmental	 biology	 as	 well	 as	 being	 valuable	 companion	
animals	 for	 humans.	 From	 an	 evolutionary	 point	 of	 view,	 the	 Aves	 class	 is	 also	 a	 direct	
descendant	 of	 the	 dinosaur,	 sharing	 a	 common	 ancestor	 with	 mammals	 around	 310	 mya,	










remain	 remarkably	 understudied.	 Such	 studies	 act	 as	 an	 independent	 record	 of	 the	 actual	
substance	of	inheritance	of	living	birds,	genomic	characters	complementing	a	fossil	record	that	
may	 imperfectly	 represent	 actual	 neornithine	 predecessors	 (Romanov	 et	 al.	 2014).	 As	 such,	
























1.1.1	molecular	 cytogenetic	 technology	 is	 not	 widespread	 in	 the	 detection	 of	 chromosomal	
rearrangements	 in	 individual	 animals	 such	 as	 pigs	 and	 cattle	 and	 therefore	 molecular	
cytogenetic	 tools	 derived	 from	 studies	 of	whole	 genome	 sequences	 have	 great	 potential	 to	
advance	‘clinical’	cytogenetics	for	these	animals.	Similar	tools	used	for	this	purpose	can	be	used	
to	 investigate	 the	 hitherto	 undiscovered	 nature	 of	 chromosomal	 evolution	 of	 the	 avian	
microchromosomes	 at	 a	 molecular	 cytogenetic	 level.	 As	 mentioned	 in	 section	 1.1.5.1,	 the	
shortfalls	of	NGS	or	TGS	for	chromosomal	level	assembly	of	newly	sequenced	species	requires	
the	intervention	of	molecular	cytogenetic	tools	in	conjunction	with	bioinformatics	in	order	to	




























and	 evolutionary	 breakpoint	 regions	 (EBRs)	 of	 chromosomes	 (see	 section	 1.5.3)	 to	 test	 the	














Serum	 (Gibco)	 and	 1%	 Pen-Strep-L-Glutamine	 (Sigma).	 For	 cells	 that	 required	 further	









transferred	 to	 a	 15ml	 falcon	 tube	 before	 adding	 around	 1ml	 Liberase	 (Roche)	 made	 to	 a	
0.125mg/ml	working	solution	and	incubated	at	37°C	for	3	to	6	hours.	When	tissue	appeared	to	





Fertilised	 eggs	 were	 opened	 using	 a	 scalpel	 in	 a	 class	 II	 laminar	 airflow	 hood	 under	 sterile	
conditions.	The	embryo	was	extracted	from	the	egg	and	placed	in	a	petri	dish	containing	around	



























when	 the	 flask	was	 not	 required	 for	 passaging.	 50µl	 colcemid	 (Gibco)	 at	 a	 concentration	 of	






performed	 by	 adding	 5ml	 pre-warmed	 0.075M	 KCI	 drop-wise	 and	 incubating	 at	 37°C	 for	 20	
minutes.	Three	drops	of	fixative	(3:1	methanol:acetic	acid)	were	added	to	the	cells	while	gently	
agitating	 and	 the	 solution	 was	 centrifuged	 for	 a	 further	 10	 minutes	 at	 1,000rpm.	 The	













the	 red	 cell	 layer	 before	 adding	 100µl	 colcemid	 (10µg/ml	 concentration)	 to	 the	 flask	 and	
incubating	 for	 30	 minutes	 at	 37°C.	 The	 solution	 was	 transferred	 to	 15ml	 falcons	 and	 then	




















































and	 Taeniopygia	 guttata	 Version	 3.2.4	 NCBI	 database	 for	 Zebra	 Finch	 BACs	






lab	based	at	 the	Royal	Veterinary	College,	 London.	 The	 specific	 criteria	used	 to	 increase	 the	






the	BAC.	 The	pipeline	 for	 detection	of	 appropriate	BACs	 consisted	of	 the	 following	 steps:	 a)	
generation	of	multi-species	alignments;	b)	detection	of	conserved	elements	(CEs)	 in	different	












































Each	 DNA	 sample	 was	 pulse	 centrifuged	 prior	 to	 being	 analysed	 for	 concentration	 and	
































dUTP	 (Invitrogen)	 for	 the	 q-arm	 probes	 or	 1.5µl	 FITC-Fluorescein-12-UTP	 (Roche)	 for	 p-arm	




















(including	 isopropanol)	 to	each	100µl	probe	and	mixing.	The	 solution	was	 transferred	 to	 the	
quickspin	column	and	centrifuged	at	6,300rpm	for	1	minute	and	flow-through	discarded.	The	
column	was	washed	with	750µl	of	PE	Buffer	(containing	ethanol)	and	centrifuged	for	1	minute	





























































water	 bath	 in	 order	 for	 probe	 DNA	 to	 anneal	 to	 the	 target	 DNA.	 Second	 day	 washes	 were	
performed	as	described	above	in	section	2.3.1.	
	
1pq 4pq2pq 5pq 7pq3pq 6pq 8pq


















SmartType	 software	 (Digital	 Scientific	 UK)	 was	 used	 for	 karyotyping	 purposes	 after	 being	
custom-adapted	for	porcine	karyotyping	according	to	the	standard	karyotype	as	established	by	








scaffold-based	 assemblies	 based	 on	 alignment	 of	 raw	 sequencing	 read	 data	 using	 the	 RACA	
algorithm	(RVC);	(2)	PCR	and	computational	verification	of	these	PCFs	(RVC);	(3)	development	
of	a	refined	set	of	PCFs	based	on	the	previous	verification	set;	(4)	the	use	of	a	‘universal	set’	of	
BACs	 spread	 uniformly	 across	 the	 genome	 and	 designed	 to	 hybridise	 efficiently	 in	
10pq 13pq11pq 14pq 16pq12pq 15pq 17pq
1,4,3 19pq18pq 6,7,9 Z,W2,5,8 20pq 21pq


























As	 indicated	 above,	 using	 default	 parameters	 RACA	 produced	 splits	 in	 13-15%	 of	 the	 target	






two	 (50%)	 in	 peregrine	 and	 seven	 (100%)	 in	 pigeon,	 confirming	 the	 chimeric	 nature	 of	 the	
original	scaffolds	indicated	by	RACA.	To	estimate	which	of	the	remaining	split	regions	greater	
than	6kb	in	size	(36	in	peregrine	and	40	in	pigeon	PCFs)	were	likely	to	be	chimeric	they	used	a	
minimum	 physical	 read	 coverage	 across	 the	 SF	 joining	 regions	 for	 which	 PCR	 results	 were	












N50	25.82	Mb	 for	 the	peregrine	 falcon	 and	137	PCFs	with	N50	of	 22.17	Mb	 for	 the	pigeon,	












ostrich	 (Struthio	 camelus),	 budgerigar	 (Melopsittacus	 undulatus)	 and	 turkey	 (Meleagris	








and	 zebra	 finch	 (Taeniopygia	 guttata),	 along	 with	 green	 anole	 lizard	 (Anolis	 carolinensis)	 a	










interactive	 genome	 browser	 ‘Evolution	 Highway’	 (Murphy	 et	 al.	 2005;	 Farré	 et	 al.	 2016;	
http://evolutionhighway.ncsa.uiuc.edu).	 Pairwise	 blocks	 of	 synteny	 were	 identified	 and	
displayed	relative	to	chromosomes	of	the	chicken,	which	served	as	the	reference	genome	(ICGSC	
Gallus	gallus	4.0).	The	visualised	genome	alignments	as	inferred	from	orthology	maps	for	the	
five	 species	 were	 analysed	 side	 by	 side	 and	 by	 chicken	 chromosome.	 The	 start	 and	 end	
coordinates	of	the	aligned	orthologous	regions	observed	in	all	the	species	compared	were	used	















program	 and	 included	 in	 the	 analysis	 as	 the	 outgroup.	 The	 five	 species-specific	msHSB	 sets	
served	as	MGRA2	 inputs	 for	 individual	genomes	which	 then	produced	a	series	of	contiguous	








To	 reconstruct	 the	 chromosomal	 changes	 that	 occurred	 between	 the	 two	 sets	 of	 ancestral	
groups,	 two	 approaches	 were	 used.	 The	 first	 was	 a	 manual	 approach	 to	 identify	 the	 most	
parsimonious	series	of	events	that	occurred	from	the	ancestor	to	the	extant	species.	The	second	
approach	 required	 the	 use	 of	 the	 Multiple	 Genome	 Rearrangements	 (MGR)	 and	 Genome	
Rearrangements	 In	 Man	 and	 Mouse	 (GRIMM)	 tools	 ((Bourque	 &	 Pevzner	 2002);	
http://grimm.ucsd.edu/).	 MGRA2	 outputs	 served	 as	 MGR/GRIMM	 inputs	 to	 trace	 the	 most	
parsimonious	 scenarios	 for	 evolutionary	 changes	 in	 two	 scenarios:	 firstly,	 the	 intra-	 and	














above	 and	 a	 P	 value	 less	 than	 0.05	 to	 edit	 the	 list	 for	 clusters	 considered	 to	 be	 significant.	




into	Microsoft	Excel	and	presented	with	graphic	 files	 created	directly	 from	GOEAST	 for	each	














Background	 gene	 lists	 were	 also	 generated	 using	 the	 gene	 lists	 of	 all	 chicken–human	

























has	 been	domesticated	 since	 around	7000	BC	 (Giuffra	 et	 al.	 2000).	 It	 provides	 43%	of	meat	
consumed	 worldwide	 making	 it	 the	 leading	 source	 of	 meat	 protein	 globally	 (United	 States	
Department	of	Agriculture	2015).	Purebred	boars	selected	for	their	genetic	merit	are	used	at	
the	 top	 (nucleus)	 level	of	 the	breeding	pyramid	meaning	 that	any	 fertility	problems	 in	 these	
animals	 could	 significantly	 reduce	 litter	 sizes	 throughout	 the	 breeding	 population.	 This	
ultimately	leads	to	a	reduction	in	food	production	and	higher	environmental	costs	per	mating	









12	 piglets,	 each	 sow	 can	 produce	 around	 23	 slaughter	 pigs	 per	 year	 assuming	 there	 are	 no	
fertility	problems	 (The	BPEX	Yearbook	2014).	 In	addition,	 fertility	 is	assessed	using	 farrowing	
rates,	which	 indicate	how	many	 litters	are	produced	against	how	many	sows	were	originally	
served	 (ideally	 >85%	 (Gadea	 et	 al.	 2004)).	 The	 mating	 of	 hypoprolific	 boars	 into	 the	 sow	
population	 can	 have	 a	 significant	 effect	 on	 non-return	 rates	 and	 litter	 sizes,	 in	 some	 cases	
reducing	the	number	of	piglets	in	a	litter	by	up	to	50%.	In	order	to	prevent	the	perpetuation	of	










reciprocal	 translocations	 have	 been	 identified	 with	 chromosomes	 1,7,	 14	 and	 15	 the	 most	
frequently	 involved	 (Rothschild	 &	 Ruvinsky	 2011).	 Reciprocal	 translocations	 adversely	 affect	
reproductive	 performance	 in	 pigs	 by	 causing	 a	 reduction	 in	 litter	 size	 due	 to	 high	mortality	
among	 early	 embryos.	 Approximately	 50%	 of	 boars	 exhibiting	 hypoprolificacy	 are	 reciprocal	
translocation	 carriers,	 even	 though	 they	 have	 a	 normal	 phenotype	 and	 semen	 parameters	





Among	 cattle,	 the	 most	 commonly	 seen	 structural	 chromosomal	 rearrangements	 are	
Robertsonian	translocations	with	the	1/29	being	seen	most	frequently	of	the	44	that	have	been	
identified	(Garrick	and	Ruvinsky,	2014).	In	one	15-year	study	of	the	Italian	breeding	population	
7.1%	 animals	 were	 identified	 as	 carrying	 a	 Roberstonian	 translocation	 (Ducos	 et	 al.	 2008).	
Reciprocal	translocations	have	been	reported	in	cattle,	although	much	less	frequently,	with	the	
same	Italian	study	reporting	a	rate	of	0.03%	(Ducos	et	al.	2008).	A	recent	study	by	De	Lorenzi	et	
al.	 (2012)	suggested	that	the	frequency	of	reciprocal	 translocations	 is	grossly	underreported,	










distal	 probes	 identified	 directly	 from	 the	 pig	 genome	 assembly.	 The	 aim	 was	 to	 employ	 a	
strategy	that	would	significantly	increase	the	speed	and	accuracy	of	boar	translocation	screening	









• Specific	 aim	 1a:	 To	 develop	 a	 practicable	 and	 commercially	 viable	 system	 for	 the	
screening	 of	 chromosome	 translocations	 in	 domestic	 male	 mammals	 by	 classical	
approaches		
• Specific	 aim	 1b:	 To	 isolate	 sub-telomeric	 chromosome	 identifier	 probes	 as	 tools	 for	
chromosome	translocation	detection	in	pigs	and,	 in	so	doing	test	the	hypothesis	that	





















































A	 large	 number	 of	 translocations	 (7),	 were	 identified	 between	 chromosomes	 7	 and	 10	 (an	







Figure	 3-1:	 Standard	 DAPI	 banded	 karyotype	 of	 boar	 carrying	 a	 7:10	 RCP.	 The	 affected	 chromosomes	 are	
highlighted	with	arrows.	
	
3.4.2 Specific	 Aim	 1b:	 To	 isolate	 sub-telomeric	 chromosome	 identifier	 probes	 as	
tools	for	chromosome	translocation	detection	in	pigs	and,	in	so	doing	test	the	
hypothesis	 that	 genome	 assembly	 information	 in	 the	 porcine	 assembly	
accurately	represents	chromosomal	position	in	the	sub-telomeric	regions	
	
A	 total	 of	 82	BACs	were	 tested,	 of	which	45	BACs	mapped	 correctly	 and	37	did	not	map	as	
anticipated.	All	FITC	labelled	probes	mapped	to	the	expected	locus	at	or	near	the	p-terminus	of	
the	chromosome	with	the	exception	of	the	first	attempt	for	a	BAC	(PigE-134L21)	for	the	p-arm	
of	 chromosome	 1	 (which	 actually	 mapped	 to	 chromosome	 8),	 along	 with	 a	 p-arm	 BAC	 for	
chromosome	 10	 (PigE-231H10)	 which	 mapped	 to	 chromosome	 3	 and	 three	 BACs	 originally	




































Number	 Arm	 Clone	Name	 FISH	Assignment	
Same	
Chromosome?	
		 Number	 Arm	 Clone	Name	 FISH	Assignment	
Same	
Chromosome?	
1	 p	 PigE-134L21	 8	p-arm	 No	 		 7	 q	 PigE-75E21	 7	mid	q-arm	 Yes	
1	 q	 CH242-137C1	 10	centromere	 No	 		 9	 p	 CH242-215O14	 9	centromere	 Yes	
1	 q	 CH242-35I10	 Multiple	 No	 		 9	 p	 CH242-44O5	 9	centromere	 Yes	
1	 q	 CH242-83P21	 7	centromere	 No	 		 9	 p	 CH242-178L4		 9	centromere	 Yes	
2	 q	 CH242-188K23	 2	centromere	 Yes	 		 10	 p	 PigE-231H10	 3	p-arm	 No	
2	 q	 CH242-230M23	 2	centromere	 Yes	 		 10	 q	 CH242-237D22	 10	centromere	 Yes	
2	 q	 CH242-441A1	 2	centromere	 Yes	 		 10	 q	 CH242-36D16	 10	q-arm	+	extra	signal		 Yes	
2	 q	 PigE-117G14	 2	p-arm	 Yes	 		 10	 q	 PigE-60N24	 1	centromere	 No	
3	 q	 CH242-265K24	 3	p-arm	 Yes	 		 11	 q	 PigE-199B10	 11	p-arm	 Yes	
3	 q	 PigE-221G14	 3	p-arm	 Yes	 		 11	 q	 PigE-232N19	 11	p-arm	 Yes	
3	 q	 PigE-264D16	 3	p-arm	 Yes	 		 15	 q	 PigE-108N22	 15	mid	q-arm	 Yes	
5	 q	 CH242-133F9	 5	p-arm	 Yes	 		 16	 q	 CH242-4G9	 16	p-arm	 Yes	
5	 q	 CH242-288F8	 5	p-arm	 Yes	 		 16	 q	 PigE-124C22	 16	p-arm	 Yes	
5	 q	 PigE-127K14	 5	p-arm	 Yes	 		 16	 q	 PigE-173H6	 16	p-arm	 Yes	
5	 q	 PigE-178M22	 5	p-arm	 Yes	 		 17	 q	 PigE-112L22	 10	centromere	 No	
7	 q	 CH242-272F22	 7	centromere	 Yes	 		 18	 q	 PigE-141I21	 6	p-arm	 No	
7	 q	 CH242-518F14	 7	centromere	 Yes	 		 X	 q	 CH242-447L20	 X	p-arm	 Yes	
7	 q	 PigE-208I10	 3	q-arm	 No	 		 X	 q	 PigE-214O4	 13	centromere	 No	





























Chromosome	 Arm	 Clone	Name	 		 Chromosome	 Arm	 Clone	Name	
1	 p	 CH242-248F13	 		 10	 q	 CH242-517L16	
1	 q	 CH242-151E10		 		 11	 p	 PigE-211E21	
2	 p	 PigE-8G19	 		 11	 q	 CH242-239O11	
2	 q	 CH242-294F6		 		 12	 p	 PigE-253K5	
3	 p	 PigE-168G22	 		 12	 q	 PigE-124G15	
3	 q	 CH242-315N8	 		 13	 P	 PigE-197C11	
4	 p	 PigE-131J18	 		 13	 q	 PigE-179J15	
4	 q	 PigE-85G21	 		 14	 p	 PigE-137C12	
5	 p	 PigE-74P10	 		 14	 q	 PigE-167E18	
5	 q	 CH242-63B20	 		 15	 p	 PigE-90C11	
6	 p	 PigE-238J17	 		 15	 q	 CH242-170N3	
6	 q	 CH242-510F2	 		 16	 p	 PigE-149F10	
7	 p	 PigE-52L22	 		 16	 q	 CH242-42L16	
7	 q	 CH242-103I13		 		 17	 p	 CH242-70L7	
8	 p	 PigE-2N1	 		 17	 q	 CH242-243H19	
8	 q	 PigE-118B21	 		 18	 p	 PigE-253N22	
9	 p	 CH242-65G4	 		 18	 q	 PigE-202I11	
9	 q	 CH242-411M8	 		 X	 p	 CH242-19N1	





and,	 in	 particular	 test	 the	 hypothesis	 that	 some	 sub-fertile	 boars	 have	







74%.	The	Multiprobe	device	 revealed	a	 chromosome	 translocation	between	chromosomes	5	
and	 6	 that	was	missed	 by	 classical	 karyotyping	 (shown	 in	 Figure	 35).	 Further	 analysis	with	



























performed	 as	 illustrated	 in	 Figure	 3-7.	 The	Bos	 taurus	 karyotype	 has	 a	 diploid	 chromosome	














104 D.M. Larkin and M. Farré
genome features formed in the processes of 
speciation and adaptation are reflected in the 
genome by gene mutations, sequence losses, 
duplications and repositions due to multiple chro-
mosomal rearrangements that distinguish the 
cattle genome from other mammalian genomes 
and a putative mammalian ancestor (Murphy 
 et al ., 2005; Larkin  et al .,  2009 ; Elsik  et al ., 
 2009 ). However, when compared to other 
sequenced mammalian genomes, the cattle 
genome in some chromosomal regions repre-
sents an ancestral organization, allowing for the 
detection of evolutionary events that happened 
in the course of genome evolution in other spe-
cies (Murphy  et al ., 2005). 
 We briefly summarize results of the cattle 
genome mapping efforts, annotation and the 
evolutionary history analysis. We start with ear-
lier efforts in cattle genome analysis, including 
cattle cytogenetic and somatic cell hybrid map-
ping, linkage mapping, and later present advances 
achieved with the use of radiation hybrid map-
ping and fingerprint map construction. Together 
these efforts have gradually built a basis for 
understanding Mendelian traits and some cattle 
quantitative trait loci (QTLs), facilitated genome 
assembly, and made possible functional and 
evolutionary study of the cattle genome. 
 The Cattle Chromosome 
Nomenclature 
 Domestic cattle ( Bos taurus and  Bos indicus ) 
have 30 chromosome pairs: 58 acrocentric 
autosomes and 2 submetacentric sex chromo-
somes. Using a uniform staining on metaphase 
chromosomes, the cattle karyotype can be pre-
sented as a decreasing series of arbitrarily divided 
chromosome groups, using the relative length of 
each chromosome as the only criterion (Fig.  6.1 ). 
 Early in the 1970s, cytogenetists used dif-
ferent banding techniques, such as C-bands, 
G-bands, Q-bands with Hoechst 33258 or 
quinacrine and R-bands, to differentiate cattle 
chromosomes. Contemporary cytogenetics 
uses 4¢,6- diamidino-2-phenylindole (DAPI) as a 
1
6 7 8 9 10 11 12
13
19
23 24 25 26 27 28 29
20 21 22 X Y
14 15 16 17 18
2 3 4 5
 Fig. 6.1.  A cattle karyotype. (From Rebecca O’Connor, School of Biosciences, University of Kent.) 





Chrom	 Arm	 Clone	Name	 Span	 	 Chrom	 Arm	 Clone	Name	 Span	
1	 p	 CH240-321O2	 179,965	 	 16	 p	 CH240-139M7	 166,377	
q	 CH240-96M6	 187,920	 	 q	 CH240-315I10	 186,228	
2	 p	 CH240-457J20	 198,157	 	 17	 p	 CH240-267P22	 176,654	
q	 CH240-227E16	 179,789	 	 q	 CH240-313I20	 182,729	
3	 p	 CH240-154A5	 174,225	 	 18	 p	 CH240-14C14	 163,878	
q	 CH240-302G6	 190,291	 	 q	 CH240-436N22	 179,260	
4	 p	 CH240-416O20	 170,609	 	 19	 p	 CH240-349G17	 169,018	
q	 CH240-193F3	 179,112	 	 q	 CH240-390C5	 180,283	
5	 p	 CH240-326L8	 188,525	 	 20	 p	 CH240-394L14	 182,595	
q	 CH240-248M21	 163,993	 	 q	 CH240-339K22	 183,557	
6	 p	 CH240-324B6	 180,970	 	 21	 p	 CH240-301D14	 163,699	
q	 CH240-5F18	 184,848	 	 q	 CH240-62O23	 176,169	
7	 p	 CH240-415D2	 182,547	 	 22	 p	 CH240-426O23	 182,818	
q	 CH240-276L16	 168,781	 	 q	 CH240-313B20	 173,299	
8	 p	 CH240-443K7	 175,465	 	 23	 p	 CH240-102P19	 179,615	
q	 CH240-241A18	 176,318	 	 q	 CH240-374G6	 174,942	
9	 p	 CH240-25A3	 177,086	 	 24	 p	 CH240-382F1	 171,530	
q	 CH240-298I24	 172,331	 	 q	 CH240-19L13	 171,917	
10	 p	 CH240-421B11	 166,378	 	 25	 p	 CH240-198J4	 186,545	
q	 CH240-325F16	 179,292	 	 q	 CH240-379D22	 163,818	
11	 p	 CH240-314K5	 165,445	 	 26	 p	 CH240-428I10	 181,997	
q	 CH240-344O3	 183,795	 	 q	 CH240-389H1	 176,691	
12	 p	 CH240-261C16	 164,440	 	 27	 p	 CH240-7G11	 184,155	
q	 CH240-262C4	 165,223	 	 q	 CH240-352M8	 184,694	
13	 p	 CH240-461F6	 188,788	 	 28	 p	 CH240-313L4	 181,707	
q	 CH240-471M8	 178,736	 	 q	 CH240-63D12	 183,932	
14	 p	 CH240-319C15	 181,738	 	 29	 p	 CH240-367D17	 179,713	
q	 CH240-240M1	 178,587	 	 q	 CH240-257F23	 188,054	
15	 p	 CH240-225A24	 151,902	 	 X	 p	 CH240-121E1	 176,736	




















to	 diagnose	 chromosomal	 translocations	 that	 directly	 impact	 fertility	 in	 pigs	 at	 a	 resolution	






previously	 reported.	 It	 is	 possible	 that	 these	 karyotypically	 cryptic	 and	 unreported	
























less	well	 trained	 in	 karyotype	 analysis.	 Although	 several	 laboratories	 have	pioneered	 animal	
cytogenetics	 for	 the	 purposes	 of	 AI	 boar	 (and	 bull)	 screening	 there	 are	 fewer	 now	 than	 in	
previous	decades	despite	the	continuing	need	to	continue	screening	in	this	manner	(Ducos	et	
al.	2008).	Nonetheless,	it	should	be	made	clear	that	specialist	cytogenetic	skills	are	still	required	








































screening	 is	 not	 limited	 to	 pig	 breeding.	 Artificial	 insemination	 is	 also	 widely	 used	 in	 cattle	
breeding	with	a	high	premium	placed	on	bull	semen	of	superior	genetic	merit.	With	sufficient	
alterations	 (i.e.	 incorporating	 cattle	 subtelomeric	 BACs)	 the	 method	 has	 successfully	 been	




















fertility	 in	 pigs,	 the	 simple,	 rapid	 identification	 of	 (cryptic	 or	 otherwise)	 translocations	 will	






farmers	 where	 reduced	wastage	may	 be	more	 critical.	 Lessons	 regarding	 genome	 assembly	
learnt	from	this	exercise	would	suggest	that	a	cautionary	approach	be	taken	when	identifying	









the	 solving	 of	 previously	 intractable	 karyotypes	 and	 test	 the	
hypothesis	 that	 microchromosomal	 rearrangement	 is	 rare	 in	 avian	
evolution	
4.1 Background	
Defining	 the	 avian	 karyotype	 is	 notoriously	 difficult,	 largely	 due	 to	 the	 presence	 of	 a	 large	
number	of	morphologically	 indistinguishable	microchromosomes	seen	 in	 the	majority	of	bird	
species	(see	section	1.3.2).	Classification	of	avian	macrochromosomes	(up	to	chromosome	9)	is	
possible	 using	 classical	 cytogenetic	 techniques	 such	 as	 karyotyping	 but	 beyond	 this	 size	 of	
chromosome	 it	 is	 near	 impossible,	 hence	 the	 publication	 of	 partial	 rather	 than	 full	 avian	
karyotypes.	 Even	 at	 the	 macrochromosomal	 level,	 chromosome	 banding	 can	 be	 difficult	 to	














































criteria	 for	 selecting	 BACs	 described	 in	 section	 2.2.1.2	 was	 designed	 in	 partnership	 with	
collaborators	 in	 the	 Larkin	 lab	based	 at	 the	Royal	 Veterinary	College,	 London.	 These	 criteria	
included	the	following	parameters:	sequence	conservation	between	species,	low	repeat	content	
and	GC	 content	 of	 the	BAC	being	 between	40-60%	 (described	hereafter	 as	 ‘selected’	 BACs).	
‘Non-selected’	BACs	were	chosen	using	the	criteria	described	in	section	2.2.1.1.	
4.3.1.3 BAC	Selection	and	FISH	












GGA)	 was	 selected	 as	 the	 reference	 species	 to	 study.	 To	 facilitate	 analysis	 of	 the	
microchromosomes,	 BACs	 located	 in	 the	 subtelomeric	 regions	 of	 the	 p	 and	 q-arms	 of	
chromosomes	10-28	were	selected	as	listed	in	Table	41.	Co-hybridisation	of	p	and	q-arm	BACs	
for	each	chromosome	was	performed	to	verify	correct	mapping	of	the	BACs,	producing	bright	
















Chrom	 Arm	 GGA	Start	Position	 GGA	End	Position	 Clone	Name	 Size	
10	
p	 257,559	 435,710	 CH261-94C12	 178,152	
q	 19,689,227	 19,878,620	 CH261-118E15	 189,394	
11	
p	 297,412	 487,723	 CH261-28F3	 190,312	
q	 207,654,262	 20,963,698	 CH261-89P18	 189,505	
12	
p	 372,960	 564,981	 CH261-88K1	 192,022	
q	 19,943,504	 20,143,412	 CH261-152H14	 186,044	
13	
p	 639,659	 830,204	 CH261-71N1	 190,546	
q	 17,531,818	 17,705,631	 CH261-58H5	 173,814	
14	
p	 106,806	 274,491	 CH261-121M10	 167,686	
q	 14,836,141	 15,050,135	 CH261-17L7	 213,995	
15	
p	 37,719	 230,572	 CH261-131E4	 192,854	
q	 12,766,676	 12,953,903	 CH261-40D6	 187,228	
16	
p	 26,112	 177,988	 CH261-97F21	 151,877	
q	 26,068	 226,529	 CH261-96L12	 200,462	
17	
p	 180,149	 368,825	 CH261-72P11	 188,677	
q	 10,201,570	 10,372,603	 CH261-69M11	 171,034	
18	
p	 159,671	 345,409	 CH261-67N15	 185,739	
q	 10,715,138	 10,889,646	 CH261-72B18	 174,509	
19	
p	 120,682	 300,545	 CH261-167A1	 179,864	
q	 9,757,250	 9,923,027	 CH261-189E4	 165,778	
20	
p	 101,638	 271,770	 CH261-124A24	 170,133	
q	 13,731,632	 13,930,041	 CH261-10L6	 198,410	
21	
p	 190,095	 394,600	 CH261-10A18	 204,506	
q	 6,676,005	 6,808,856	 CH261-49L18	 132,852	
22	
p	 16,255	 200,733	 CH261-30D24	 184,479	
q	 3,718,853	 3,905,054	 CH261-49B2	 186,202	
23	
p	 6,821	 200,984	 CH261-191G17	 194,164	
q	 5,713,201		 5,883,262	 CH261-90K11	 170,062	
24	
p	 262,499	 457,108	 CH261-154L15	 194,610	
q	 5,801,069	 6,000,425	 CH261-154H17	 199,357	
25	
p	 1,053,207	 1,220,181	 CH261-82G24	 166,975	
q	 1,540,100	 1,719,066	 CH261-169N16	 178,967	
26	
p	 269,996	 448,389	 CH261-50J5	 178,394	
q	 4,211,425	 4,409,618	 CH261-40C14	 198,194	
27	
p	 112,338	 254,681	 CH261-167J20	 142,344	
q	 4,662,705	 4,830,235	 CH261-100E5	 167,531	
28	
p	 77,131	 247,634	 CH261-16I3	 170,504	
q	 457,773	 653,378	 CH261-101C8	 195,606	
	



















quail	 (Coturnix	 japonica)	 and	 the	 turkey	 (Meleagris	 gallopavo).	 Almost	 all	 of	 the	 probes	
hybridised	well	 to	each	species	with	bright	signals	evident	 for	each	chromosome,	with	a	 few	
exceptions	as	listed	in	Table	4-2.	No	apparent	microchromosome	rearrangement	was	found	in	
any	of	these	species	with	all	probes	hybridising	in	the	same	pattern	that	is	seen	in	the	chicken.	


















CH261-118E15	 10	 √	 √	 √	 √	 √	
CH261-94C12	 10	 √	 √	 √	 √	 √	
CH261-28F3	 11	 √	 √	 √	 √	 No	
CH261-89P18	 11	 √	 √	 √	 √	 No	
CH261-152H14	 12	 √	 √	 √	 √	 √	
CH261-88K1	 12	 √	 √	 √	 √	 √	
CH261-58H5	 13	 √	 √	 √	 √	 √	
CH261-71N1	 13	 √	 √	 √	 √	 √	
CH261-121M10	 14	 √	 No	 √	 √	 No	
CH261-17L7	 14	 √	 √	 √	 √	 No	
CH261-131E4	 15	 √	 √	 √	 √	 √	
CH261-40D6	 15	 √	 √	 √	 √	 √	
CH261-97F21	 16	 √	 √	 √	 √	 √	
CH261-96L12	 16	 √	 √	 √	 √	 √	
CH261-69M11	 17	 √	 √	 √	 No	 √	
CH261-72P11	 17	 √	 No	 √	 No	 √	
CH261-67N15	 18	 √	 √	 √	 √	 √	
CH261-72B18	 18	 √	 √	 √	 √	 √	
CH261-167A1	 19	 √	 √	 √	 √	 No	
CH261-189E4	 19	 √	 √	 √	 √	 No	
CH261-10L6	 20	 √	 √	 √	 √	 √	
CH261-124A24	 20	 √	 √	 √	 √	 √	
CH261-10A18	 21	 √	 √	 √	 √	 √	
CH261-49L18	 21	 √	 √	 √	 √	 √	
CH261-30D24	 22	 √	 √	 √	 √	 √	
CH261-49B2	 22	 √	 √	 √	 √	 √	
CH261-191G17	 23	 √	 √	 √	 √	 √	
CH261-90K11	 23	 √	 √	 √	 √	 √	
CH261-154H17	 24	 √	 √	 √	 √	 √	
CH261-154L15	 24	 √	 √	 √	 √	 √	
CH261-169N16	 25	 √	 √	 √	 √	 √	
CH261-82G24	 25	 √	 √	 √	 √	 √	
CH261-40C14	 26	 √	 √	 √	 √	 √	
CH261-50J5	 26	 √	 √	 √	 √	 √	
CH261-100E5	 27	 √	 √	 √	 √	 √	
CH261-167J20	 27	 √	 √	 √	 √	 √	
CH261-101C8	 28	 √	 √	 √	 √	 √	








Results	 for	 the	 rest	 of	 the	 macrochromosome	 paints	 were	 consistent	 with	 that	 previously	
published	with	the	(Japanese	quail	(Guttenbach	et	al.	2003;	Shibusawa	et	al.	2004),	Chinese	quail	
(Shibusawa	et	al.	2004)	shown	in	Figure	4-3	,	the	peafowl	(Shibusawa	et	al.	2004)	and	the	sand	
partridge	 exhibiting	 the	 chromosome	 4	 fusion	 seen	 in	 chicken.	 The	 results	 also	 supported	
previous	studies	on	turkey	illustrating	the	hybridisation	of	the	chromosome	4	paint	to	a	macro	





Figure	 4-3:	 Macrochromosome	 GGA	 paints	 1	 (FITC),	 3	 (Aqua)	 and	 4	 (Texas	 Red)	 hybridised	 to	 Chinese	 quail	
chromosomes	illustrating	the	fused	chromosome	four.	Scale	bar	10μm.	
	
To	extend	 the	analysis	of	microchromosomal	 rearrangements	across	 species,	 the	device	was	
also	tested	on	a	variety	of	other	species	outside	of	the	Galliformes.	These	included	the	houbara	
(Chlamydotis	 undulata),	 peregrine	 falcon	 (Falco	 peregrinus),	 gyr	 falcon	 (Falco	 rusticolus),	
budgerigar	(Melopsittacus	undulatus),	pigeon	(Columba	livia),	zebra	finch	(Taeniopygia	guttata)	
and	 Pekin	 duck	 (Anas	 platyrhynchos).	 Very	 low	 rates	 of	 successful	 hybridisation	 were	 seen	
among	 this	 set	of	birds,	although	a	 small	 selection	of	BACs	appeared	 to	work	well	 across	all	
species	tested.	In	particular,	the	BACs	for	chromosome	18	and	23	produced	clear	signals	and	in	




















BAC	Clone	Name	 GGA	Chr	 Houbara	 Duck	 Peregrine	 Zebra	Finch	 Pigeon	
CH261-118E15	 10	 No	 No	 √	 No	 No	
CH261-94C12	 10	 No	 No	 No	 No	 No	
CH261-28F3	 11	 No	 No	 No	 No	 No	
CH261-89P18	 11	 No	 No	 No	 No	 No	
CH261-152H14	 12	 No	 No	 No	 No	 No	
CH261-88K1	 12	 No	 No	 No	 No	 No	
CH261-58H5	 13	 No	 No	 No	 No	 No	
CH261-71N1	 13	 No	 No	 No	 No	 No	
CH261-121M10	 14	 No	 No	 No	 No	 No	
CH261-17L7	 14	 No	 No	 No	 No	 No	
CH261-131E4	 15	 No	 No	 No	 No	 No	
CH261-40D6	 15	 No	 √	 √	 No	 √	
CH261-97F21	 16	 No	 No	 No	 No	 No	
CH261-96L12	 16	 No	 No	 No	 No	 No	
CH261-69M11	 17	 No	 No	 √	 No	 No	
CH261-72P11	 17	 No	 No	 No	 No	 No	
CH261-67N15	 18	 √	 No	 √	 √	 No	
CH261-72B18	 18	 √	 No	 √	 √	 √	
CH261-167A1	 19	 √	 No	 No	 No	 No	
CH261-189E4	 19	 √	 No	 No	 No	 No	
CH261-10L6	 20	 No	 No	 No	 No	 No	
CH261-124A24	 20	 No	 No	 No	 No	 No	
CH261-10A18	 21	 No	 No	 √	 No	 No	
CH261-49L18	 21	 No	 No	 No	 No	 No	
CH261-30D24	 22	 No	 No	 No	 No	 No	
CH261-49B2	 22	 No	 No	 No	 No	 No	
CH261-191G17	 23	 √	 √	 √	 √	 √	
CH261-90K11	 23	 √	 √	 √	 √	 √	
CH261-154H17	 24	 No	 No	 √	 No	 No	
CH261-154L15	 24	 No	 No	 No	 No	 No	
CH261-169N16	 25	 No	 No	 No	 No	 No	
CH261-82G24	 25	 No	 No	 No	 No	 No	
CH261-40C14	 26	 No	 No	 No	 No	 No	
CH261-50J5	 26	 No	 No	 No	 No	 No	
CH261-100E5	 27	 No	 √	 √	 No	 No	
CH261-167J20	 27	 No	 No	 No	 No	 No	
CH261-101C8	 28	 No	 No	 √	 No	 √	
















zebra	 finch)	 selected	 purely	 based	 on	 their	 physical	 location	 in	 the	 reference	 genome	were	
tested	 on	 a	 panel	 of	 five	 diverse	 avian	 species:	 chicken	 (Gallus	 gallus),	 turkey	 (Meleagris	






libraries)	 tested	using	 this	approach	produced	significantly	higher	success	 rates	 ranging	 from	
71%	to	100%	as	listed	in	Table	4-4	and	Table	4-5.	
	




	 Non-selected	 Selected	 Total	
	 Number	of	signals	present	 %	Success	
Number	of	
signals	present	 %	Success	 Total	 %	Success	
Chicken	 53	 100%	 99	 100%	 152	 100%	
Turkey	 47	 89%	 99	 100%	 146	 96%	
Pigeon	 14	 26%	 91	 92%	 105	 69%	
Peregrine	falcon	 25	 47%	 93	 94%	 118	 78%	
Zebra	finch	 11	 21%	 90	 91%	 101	 66%	




















signals	present	 %	Success	 Total	 %	Success	
Chicken	 29	 58%	 18	 75%	 47	 64%	
Turkey	 27	 54%	 20	 83%	 47	 64%	
Pigeon	 34	 68%	 17	 71%	 51	 69%	
Peregrine	falcon	 46	 92%	 22	 92%	 68	 92%	
Zebra	finch	 50	 100%	 24	 100%	 74	 100%	



















Chicken	 117	 95%	 82	 80%	
Turkey	 119	 97%	 74	 72%	
Pigeon	 108	 88%	 48	 47%	
Peregrine	falcon	 115	 93%	 71	 69%	
Zebra	finch	 114	 93%	 61	 59%	






















4.4.4 Specific	 Aim	 2d:	 To	 adapt	 the	 system	 described	 in	 specific	 aim	 2a	 using	
technology	developed	 in	 specific	aim	2c	 so	 that	 it	 can	be	applied	 to	all	bird	
karyotypes	
	
















































0.08	 171,359	 		 CH261-90P23	
15	
0.31	 185,386	
CH261-98G4	 0.1	 182,677	 		 TGMCBA-266G23	 0.15	 154,862	
CH261-169N6	
2	
0.24	 195,579	 		 TGMCBA-375I5	
17	
0.21	 129,289	
CH261-44D16	 0.36	 205,011	 		 CH261-42P16	 0.28	 171,737	
TGMCBA-295P5	
3	
0.19	 116,726	 		 CH261-60N6	
18	
0.17	 232,938	
CH261-169K18	 0.24	 140,443	 		 CH261-72B18	 0.19	 172,245	
CH261-83E1	
4	
0.17	 171,741	 		 CH261-10F1	
19	
0.33	 140,529	
CH261-89P6	 0.28	 141,721	 		 CH261-50H12	 0.23	 151,852	
CH261-49B22	
5	
0.28	 193,278	 		 TGMCBA-250E3	
20	
0.1	 148,859	
CH261-78F13	 0.15	 186,801	 		 TGMCBA-341F20	 0.22	 127,681	
TGMCBA-382J4	
6	
0.14	 125,515	 		 CH261-83I20	
21	
0.11	 194,106	
CH261-49F3	 0.29	 112,713	 		 CH261-122K8	 0.38	 181,181	
CH261-56K7	
7	
0.2	 176,360	 		 CH261-40J9	
22	
0.27	 177,235	
CH261-180H18	 0.33	 232,888	 		 CH261-18G17	 0.15	 214,459	
CH261-107D8	
8	
0.16	 225,011	 		 CH261-191G17	
23	
0.16	 217,609	
TGMCBA-252A4	 0.33	 154,862	 		 CH261-90K11	 0.19	 162,094	
CH261-183N19	
9	
0.11	 173,995	 		 CH261-103F4	
24	
0.17	 151,952	
CH261-187M16	 0.16	 188,641	 		 CH261-65O4	 0.21	 151,636	
CH261-115G24	
10	
0.13	 221,139	 		 CH261-59C21	
25	
0.06	 155,051	
CH261-71G18	 0.2	 218,444	 		 CH261-127K7	 0.07	 124,418	
CH261-121N21	
11	
0.37	 248,767	 		 CH261-186M13	
26	
0.16	 176,643	
CH261-154H1	 0.14	 214,730	 		 CH261-170L23	 0.18	 194,856	
CH261-60P3	
12	
0.27	 142,783	 		 CH261-66M16	
27	
0.14	 177,166	
CH261-4M5	 0.13	 192,350	 		 CH261-28L10	 0.16	 216,399	
CH261-115I12	
13	
0.17	 193,411	 		 CH261-64A15	
28	
0.14	 169,997	
TGMCBA-321B13	 0.21	 149,734	 		 CH261-72A10	 0.22	 210,049	
CH261-122H14	
14	
0.27	 198,117	 		 CH261-129A16	
Z	
0.21	 225,875	












Using	 the	 set	 of	 cross	 species	 BACs	 defined	 in	 section	 4.4.3	 specifically	 to	 investigate	 the	





chromosomal	 fusion.	 Figure	 4-5	 shows	 representative	 images	 for	 chicken	 chromosome	 24	
tested	on	multiple	species	with	the	BACs	illustrating	that	this	chromosome	appears	to	remain	















the	 representatives	 tested	 here	 from	 the	 following	 orders:	 Galliformes,	 Anseriformes,	
Charadriiformes,	 Columbiformes,	 Otidiformes	 Passeriformes,	 Strigiformes	 and	 the	
Struthioniformes.	The	microchromosomes	of	each	bird	remain	conserved	in	the	same	pattern	




































rearrangement	 for	 the	 budgerigar	 is	 shown	 in	 the	 ideogram	 illustrated	 in	 Figure	 4-8.	





















Chr 28 Chr Z
GGA2GGA1 GGA3 GGA4q
GGA4p






















































































Figure	4-9	shows	the	overall	karyotypic	structure	of	 the	cockatiel	and	 illustrates	 that	despite	
broadly	similar	patterns	of	rearrangement	there	are	fewer	rearrangements	that	have	occurred	
between	 the	macrochromosomes	when	compared	 to	 the	budgerigar.	 The	kakariki	 karyotype	


















the	 falcon	 species	 tested	 (peregrine	 and	 saker)	 appear	 to	 exhibit	 the	 same	 pattern	 of	
rearrangement	 (with	 the	 exception	 of	 peregrine	 chromosome	 1	 for	which	 there	 is	 a	 centric	
GGA2 GGA1GGA3 GGA5






















































of	 peregrine	 chromosome	 1.	 In	 the	 saker	 falcon	 this	 chromosome	 has	 split	 into	 two	
chromosomes	 with	 the	 breakpoint	 occurring	 within	 the	 region	 of	 the	 GGA5	 homolog.	 This	
suggest	that	this	is	a	fission	that	has	occurred	after	the	falcon	karyotype	was	formed	rather	than	















section	 1.1.2.3,	 Table	 1-1).	 Little	 success	 has	 been	 achieved	 with	 analysis	 of	 the	
microchromosomes	because	of	the	technical	limitations	in	generating	chromosome	paints.	The	
development	of	BAC	 libraries	as	a	product	of	genome	sequencing	has	however,	enabled	 the	
approach	 developed	 here	 wherein	 BACs	 have	 been	 selected	 that	 successfully	 hybridise	 to	
chicken	microchromosomes.	 Therefore,	 the	 analysis	 of	 the	 (sequenced)	 microchromosomes	
combined	with	the	well	characterised	macrochromosomal	chicken	paints	allows	examination	of	























































Use	of	 the	device	developed	 in	 section	4.4.1	on	more	phylogenetically	 distant	 birds,	 quickly	
revealed	a	markedly	 reduced	 level	of	 success	as	 shown	 in	Table	4-3	 suggesting	 that	another	






4.3.1.2)	 using	 a	 bioinformatics	 approach	 (in	 collaboration	 with	 the	 RVC	 lab)	 has	 led	 to	 a	
refinement	in	the	methods	used	to	select	BACs	designed	to	hybridise	across	multiple	species.	
This	 has	 resulted	 in	 an	 improvement	 in	 hybridisation	 rates	 by	 several	 orders	 of	magnitude.	
Extending	this	set	of	testable	BACs	to	a	pool	around	230	BACs,	all	of	which	are	tested	on	a	core	

















Another	 benefit	 of	 generating	 a	 large	 set	 of	 BACs	 in	 this	manner	 is	 that	 is	 has	 enabled	 the	
development	 of	 a	 refined,	 edited	 ‘panel’	 of	 FISH	 probes	 that	 work	 across	 multiple	 species.	
Selection	of	the	BACs	used	for	this	panel	was	based	firstly	on	successful	hybridisation	across	all	
five	 of	 the	 core	 species	 and	 secondly	 on	 their	 position	 in	 the	 most	 distal	 regions	 of	 each	
chromosome	in	the	reference	genome.	This	then	provides	a	consistent	anchor	point	from	which	
to	compare	species	in	order	to	track	chromosomal	rearrangements	over	time.	As	this	study	has	









FISH	 using	 chromosome	 paints	 has	 been	 extremely	 useful	 for	 characterising	 large	 scale	
interchromosomal	rearrangements	such	as	those	seen	in	the	Falconiformes	and	Psittaciformes	
(Nanda	 et	 al.	 2007;	 Nishida	 et	 al.	 2008),	 however	 without	 the	 ability	 to	 identify	 individual	
microchromosomes	 reliably,	 significant	 regions	 of	 these	 rearranged	 chromosomes	 are	 left	
without	 assignment.	 In	 this	 study,	 the	 use	 of	 microchromosomal	 BACs	 unique	 to	 each	
chromosome	has	improved	the	resolution	of	these	changes	dramatically.	The	individual	regions	
of	microchromosome	homology	 that	have	 fused	 to	other	 chromosomes	 can	now	be	 reliably	
identified,	filling	in	some	of	these	otherwise	intractable	gaps.	Analysis	of	the	Falconiformes	for	
example	 reveals	 that	 the	majority	 of	microchromosomes	 have	 fused	 to	macrochromosomes	
with	 some	 chromosomes	 exhibiting	 as	 many	 as	 four	 chromosomes	 fusing	 to	 create	 one	
macrochromosome.	 Initial	work	using	 the	BACs	selected	 in	 section	4.4.1	 revealed	a	 series	of	
microchromosome	fusions	to	macrochromosomes	in	the	gyr	falcon	and	budgerigar.	Using	a	set	
of	microchromosomal	pooled	paints	(that	were	assigned	to	micro	chromosomes	using	BACs)	we	














with	 a	 high	 degree	 of	 conservation	 potentially	 dating	 back	 even	 further	 to	 the	 ancestral	
vertebrate	400mya	(Burt	2002;	Nakatani	et	al.	2007).	Prior	to	the	work	presented	in	this	thesis	
however,	 there	 has	 been	 little	 cytogenetic	 evidence	 to	 support	 this	 degree	 of	 conservation.	
What	evidence	is	available,	has	been	focused	largely	on	closely	related	and	karyologically	similar	











biological	 advantage	 to	 this	 karyotypic	 structure	 for	 these	 birds,	 perhaps	 due	 to	 the	 high	
metabolic	 demands	 required	 by	 birds	 of	 prey.	 Of	 the	 other	 highly	 rearranged	 order,	 the	
Psittaciformes,	 it	would	 appear	 that	 the	microchromosomal	 fusions	 exhibited	 in	 each	of	 the	
species	tested	here	are	not	consistent	with	each	other,	suggesting	that	karyotypic	evolution	has	












macrochromosome,	 it	 remains	 intact,	 even	 retaining	 all	 of	 its	 uniquely	 microchromosomal	
sequence	characteristics	such	as	high	GC	and	gene	content	(ICGSC	et	al.	2004).		
	
Even	 taking	 into	 account	 these	 lineage	 specific	 rearrangements,	 there	 appear	 to	 be	 four	
microchromosomes	that	across	all	birds	tested,	remain	conserved	as	microchromosomes	with	
no	 signs	 of	 apparent	 fusion.	 In	 the	 chicken,	 these	 are	 four	 of	 the	 smallest	 sequenced	




microchromosomes	 are	 also	 less	 prone	 to	 chromosomal	 fusion.	 In	 fact,	 when	 the	 two	
rearranged	lineages	are	removed	from	this	study,	all	other	species	analysed	exhibit	the	same	
pattern	of	 conserved	microchromosomal	arrangement,	which	given	 that	 the	parrots	and	 the	






what	 advantage	 these	 rearrangements	 (or	 lack	 of	 rearrangements)	 confer	 are	 crucial	 to	
















2	 in	 conjunction	 with	 a	 bioinformatics	 approach	 developed	 by	
colleagues	at	 the	Royal	Veterinary	College,	London	to	complete	the	
cytogenetic	 mapping	 of	 scaffold	 based	 genome	 assemblies	 to	 full	













chromosomes	 completely	 and	 in	 an	 error-free	 manner;	 and	 b)	 there	 are	 few	 inexpensive	
mapping	 technologies	 to	 upgrade	 NGS	 assemblies	 to	 chromosome	 level.	 Even	 the	 best	
assembled	NGS	genomes	are	represented	as	sub	chromosomal	size	‘scaffolds’	that	still	require	
physical	mapping	to	the	chromosomes.	Newer	technologies	such	as	optical	mapping	(Teague	et	
al.	2010)	 including	Dovetail	 (Putnam	et	al.	2016);	BioNano	(Mak	et	al.	2016)	and	PacBio	 long	
read	sequencing	(Rhoads	&	Au,	2015)	provide	a	long-term	solution	to	this	problem	(see	section	
1.1.5.1),	however	these	still	have	difficulties	crossing	centromeres	and	large	heterochromatin	
blocks	 (in	 the	case	of	BioNano)	or	 require	hundreds	of	micrograms	of	high	molecular	weight	
DNA	often	not	available	 for	endangered	or	 smaller	animals	 (in	 the	case	of	PacBio).	 Synteny-
based	bioinformatic	approaches,	such	as	RACA	(Kim	et	al.	2013)	–	see	section	1.1.6.1.2	-	have	
been	developed	to	predict	near	chromosome-sized	fragments	(PCFs)	for	a	de	novo	NGS	genome.	
However,	 size	 limitations	apply	here	 too	meaning	that	 these	also	require	 further	mapping	 in	











quail)	 or	 those	 bred	 for	 conservation	 reasons	 (e.g.	 falcons).	 In	 addition,	 chromosome-level	












2002),	 all	 of	 which	 are	 descended	 from	 a	 single	 ancestor	 (Darwin	 1868).	 Exhibiting	 a	
























(such	as	microsatellites)	 for	 the	 identification	of	parentage	and	 in	order	 to	 trace	 the	genetic	
relationships	 between	 birds	 (Nesje	 et	 al.	 2000).	 Chromosomal	 studies	 have	 however	 been	
relatively	 limited,	with	 only	 one	 key	 chromosome	 painting	 study	 to	 date	which	 revealed	 an	
atypical	avian	karyotype	where	2n=50	(Nishida	et	al.	2008).		
	
As	 prime	 examples	 for	 sequencing	 by	 the	 International	 Avian	 Phylogenomics	 Consortium	
(Shapiro	et	al.	2013;	Zhan	et	al.	2013;	Zhang	et	al.	2014a),	these	NGS	sequenced	genomes	are	
also	obvious	cases	for	completion	to	a	chromosomal	level.	The	aim	of	this	chapter	was	to	play	a	
significant	 role	 (specifically	 the	 molecular	 cytogenetic	 arm)	 in	 the	 development	 of	 a	 novel,	
inexpensive	approach	to	upgrade	the	pigeon	and	peregrine	falcon	genomes	to	a	chromosome	
level.	 The	 newly	 developed	 method	 described	 in	 this	 chapter	 takes	 advantage	 of	 genome	
alignment	algorithms	developed	by	colleagues	at	the	Royal	Veterinary	College,	London	(RVC)	
from	which	 scaffold	 linking	outputs	 are	 verified	by	PCR	 (performed	at	RVC),	 the	 subsequent	





The	 purpose	 of	 this	 chapter	was	 to	 apply	 of	 a	 panel	 of	 BAC	 clones	 designed	 to	 hybridise	 in	













upgrade	 the	 scaffold-based	 assembly	 to	 chromosome	 level	 and	 map	 the	
intrachromosomal	differences	between	pigeon	and	the	reference	genome	










































falcon	 (186	 clones)	 and	 pigeon	 (156	 clones)	 chromosomes.	 The	 59	 PCFs	 anchored	 to	 the	































interchromosomal	 rearrangement	 identified	 was	 the	 ancestral	 configuration	 of	 GGA4	 found	 as	 two	 separate	





























GGA2GGA1 GGA3 GGA4 GGA4p





























































5.4.3 Specific	 aim	 3c:	 To	 apply	 the	 above	 BAC	 set	 to	 peregrine	 falcon	 (Falco	
peregrinus)	 chromosomes	 to	 upgrade	 the	 scaffold-based	 assembly	 to	
chromosome	 level	 and	map	 the	 evolutionary	 changes	 that	 led	 to	 the	 gross	
genomic	rearrangements	that	occurred	in	this	species	
	
Homology	 between	 the	 chicken	 and	 the	 peregrine	 falcon	was	 established	 for	 all	 sequenced	

























































peregrine	 falcon	 chromosomes.	 The	 peregrine	 falcon	 GGA1	 and	 GGA3	 counterparts	 were	
represented	as	two	entire	chromosomes	each	(FPE4	and	FPE6,	FPE7	and	FPE11,	respectively)	





GGA7	homologs	were	 found	as	 single	blocks	 fused	with	other	chicken	chromosome	material	
within	peregrine	 falcon	 chromosomes	FPE1	and	FPE8	 respectively.	Among	 the	other	 chicken	




the	 chicken	 microchromosomes	 (GGA11,	 22,	 24,	 26,	 27)	 were	 found	 as	 single	
microchromosomes.	 A	 total	 of	 68	 intrachromosomal	 rearrangements	 were	 detected	 in	 the	
peregrine	falcon	when	compared	with	the	chicken	and	zebra	finch	genomes.	Of	these,	51	were	


































































Increasing	 numbers	 of	 newly	 sequenced	 genomes	 require	 tools	 that	 enable	 inexpensive,	
efficient	chromosome	level	mapping	for	the	reasons	already	described.	In	close	collaboration	









than	 traditional	approaches,	 in	part	 thanks	 to	 the	ability	 to	generate	predicted	chromosome	
fragments	 of	 a	 sub-chromosomal	 size	 using	 comparative	 genome	 information	 only.	 The	




The	ability	 to	select	BAC	clones	 for	 this	method	only	 recently	became	a	possibility	 thanks	 to	
progress	achieved	by	the	avian	genome	sequencing	consortium	(Zhang	et	al.	2014a).	Based	on	
an	approach	using	cattle	BACs	on	other	artiodactyl	species	described	by	Larkin	et	al.	(2003),	the	
alignment	 of	multiple	 avian	 genomes	 by	 colleagues	 at	 the	 RVC	 allowed	 the	 identification	 of	
sequence-based	 features	 that	 would	 significantly	 improve	 the	 chances	 of	 successful	 cross-
species	hybridisation	(Larkin	et	al.	2003).	As	a	result,	we	now	have	a	highly	efficient	universal	
panel	of	BAC	clones	with	the	potential	to	hybridise	to	any	avian	chromosome	preparation.	In	
fact,	 preliminary	 results	 show	 that	 the	 probes	 developed	 here	 have	 worked	 well	 on	 turtle	
(Trachemys	scripta	–	red-eared	slider)	and	anole	lizard	(Anolis	carolinensis)	chromosomes	(see	
chapter	 6).	 As	 described	 in	 the	 chapters	 3	 and	 4,	 application	 of	 the	 BAC	 set	 now	 routinely	
involves	 multiple	 hybridisations	 on	 octochrome	 and	 multiprobe	 devices	 (8	 and	 24	
hybridisations)	meaning	that	up	to	72	BACs	(when	three	colours	are	used)	can	be	hybridised	in	












when	 they	 do	 occur,	 they	 tend	 to	 be	 lineage	 specific	 e.g.	 in	 Psittaciformes	 (parrots),	
Falconiformes	(falcons)	and	Sphenisciformes	(penguins)	(Griffin	et	al.	2007;	Schmid	et	al.	2015	
and	 previous	 chapter).	 Indeed,	 this	 study	 is	 the	 first	 detailed	 reconstruction	 of	 a	 highly	
rearranged	 avian	 karyotype	 (peregrine	 falcon)	 and	 demonstrates	 that	 fusion	 is	 the	 most	
common	mechanism	of	change.	There	was	no	evidence	of	reciprocal	translocation	and	indeed	
all	microchromosomes	remained	‘intact’,	even	when	fused	to	larger	chromosomes.	Recently	we	







chromosomes,	Derjusheva	 et	 al.	 (2004)	 identified	 a	 similar	 karyotypic	 pattern	 to	 that	 of	 the	
chicken	(with	the	exception	of	GGA4	which	is	represented	as	two	chromosomes	in	the	pigeon,	
as	confirmed	by	this	study).	The	chromosome	painting	approach	however,	has	two	limitations:	
firstly,	microchromosomes	 are	 not	 distinguishable	 individually	 due	 to	 the	 limitations	 of	 flow	
sorting	 chromosomes	 of	 this	 size	 from	 which	 to	 generate	 chromosome	 paints	 (Lithgow,	
O’Connor	R.E.	et	al.	2014).	Secondly,	chromosome	paints	for	macro	or	microchromosomes	do	
not	provide	 the	 resolution	 required	 to	 identify	 intrachromosomal	 rearrangements.	A	 further	
study	 by	 Hansmann	 et	 al.	 (2009)	 attempted	 to	 rectify	 the	 first	 of	 these	 issues	 by	 using	
chromosome	 paints	 generated	 from	 the	 highly	 fused	 stone	 curlew	 karyotype	 (Burhinus	
oedicnemus;	 2n=42).	 This	approach	 is	also	 limited	due	 to	 the	 large	number	of	 fusions	 in	 the	
stone	 curlew,	 thereby	making	 it	 difficult	 to	 differentiate	 the	microchromosomes	 from	 each	











the	 limited	 success	 common	 to	 most	 zoo-FISH	 studies.	 Results	 presented	 in	 this	 chapter	
illustrate	the	positions	of	ancestral	microchromosomes	demonstrating	that	fusion	is	the	most	
common	 mechanism	 of	 interchromosomal	 rearrangement	 i.e.	 there	 was	 no	 evidence	 of	
reciprocal	 translocation	 and	 all	 microchromosomes	 remained	 intact,	 albeit	 fused	 to	 larger	














case,	 the	 peregrine	 falcon	 assembly	 is	 now	 the	 reference	 genome.	 Further	 clarity	 on	 these	











By	 combining	 comparative	 sequence	 analysis,	 targeted	 PCR	 and	 high-throughput	 molecular	
cytogenetics	this	work	presents	proof	of	principle	for	an	approach	that	is	theoretically	applicable	
to	 any	 animal	 genome	 as	 a	 cost-effective	 means	 of	 transforming	 fragmented	 scaffold-level	
assemblies	to	chromosomal	level.	The	significant	fractions	of	the	scaffold	genome	assemblies	
assigned	to	chromosomes	for	both	species	were	87%	for	peregrine	falcon	and	82%	for	pigeon,	




The	 results	 described	 here	 are,	 to	 the	 best	 of	 my	 knowledge,	 the	 first	 project	 of	 its	 kind	
describing	assembly	at	a	chromosome-level	using	NGS	scaffold	based	assemblies	as	a	starting	
point	 and	 therefore	 represents	 a	 step-change	 in	 the	 mapping	 of	 genome	 assemblies.	 This	
method	permits	comparative	genome	research	at	a	higher	resolution	than	previously	possible	






6 Specific	 aim	 4:	 To	 use	 bioinformatic	 tools	 to	 re-create	 the	 overall	
genome	structure	of	both	Saurian	and	Avian	ancestors	and	to	retrace	
the	 gross	 evolutionary	 changes	 that	 occurred	 along	 the	 dinosaur	
lineage.	 To	perform	gene	ontology	 analysis	 of	 homologous	 synteny	
blocks	and	evolutionary	breakpoint	regions	(EBRs)	of	chromosomes	to	
test	 the	 hypothesis	 that	 there	 is	 an	 enrichment	 for	 genes	 that	
correspond	 to	 known	 phenotypic	 characteristics	 of	 the	 species	 in	
question.		
6.1 Background	
The	 underlying	 basis	 of	 the	 work	 presented	 in	 this	 thesis	 (see	 general	 introduction)	 is	 that	
chromosome	 rearrangements	 can	 cause	 reproductive	 problems	 in	 individuals	 (discussed	 in	
chapter	 3)	 and	 can	 cause	 or	 reinforce	 reproductive	 isolation	 between	 species	 (subsequent	
chapters).	Often	 leading	 to	 compromised	meiotic	pairing,	 chromosome	 rearrangements	may	
ultimately	lead	to	reduced	reproductive	fitness	in	hybrid	offspring.	A	reduced	level	of	genetic	




Karyotype	evolution	 in	birds	 (particularly	 at	 the	microchromosome	 level)	 is	 relatively	under-
studied.	As	already	discussed,	this	is	largely	due	to	the	fragmented	nature	of	avian	karyotypes.	
Results	presented	in	the	two	previous	chapters	have	gone	some	way	to	solving	this	problem	by	
defining	microchromosomes,	 identifying	 intrachromosomal	 rearrangements	and	 constructing	
genome	assemblies.	The	work	described	in	these	chapters	adds	significantly	to	the	~70	papers	
that	have	used	chicken	macrochromosome	paints	applied	to	the	metaphases	of	other	birds	(see	
section	 1.1.2.3)	 in	 addition	 to	 the	 1,000	 or	 so	 birds	 that	 have	 been	 partially	 karyotyped	
(Christidis.	1990).	The	underlying	message	from	these	karyotyping	and	chromosome	painting	
studies	is	that	the	ancestral	pattern	of	macrochromosomal	organisation	has	remained	largely	
unaltered	 in	 the	majority	of	 species.	Results	presented	 in	chapter	4	and	5	 illustrate	 that	 this	
pattern	extends	to	the	microchromosomes	too,	with	the	exception	of	some	species.	Both	past	










low-resolution	 appraisal	 of	 intrachromosomal	 rearrangements.	 Zoo-FISH	 alone	 however	 is	
limited	 in	 its	 ability	 to	 identify	 the	 molecular	 coordinates	 of	 evolutionary	 breakpoints.	 The	
availability	 of	 chromosome	 level	 assembled	 genomes	 (chicken,	 duck,	 zebra	 finch,	 turkey,	
flycatcher	 and	 as	 a	 result	 of	 this	 thesis,	 pigeon	 and	 peregrine	 falcon)	 allows	 comparative	
genomics	to	be	performed	at	a	much	higher	resolution.	David	Burt	and	co-workers	(Burt	et	al.	
1999)	were	the	first	to	use	bioinformatics	to	determine	cross-species	analysis	of	whole	avian	
chromosomes	 at	 a	 genomic	 level	 (chicken-human).	 The	 landmark	 chicken	 genome	 sequence	
paper	(ICGSC	et	al.	2004)	also	established	conserved	synteny	between	the	chicken	and	human	
genomes.	In	the	twelve	following	years	however	conserved	synteny	comparisons	have	only	been	








seen	 in	 other	 groups	 or	whether	mammals	 are	 the	 exception.	Of	 the	 studies	 performed	 on	
mammals,	EBRs	tend	to	appear	in	gene-dense	regions	(Larkin	et	al.	2009)	with	enrichment	for	
zinc	finger	protein	genes,	genes	associated	with	environmental	stimulus	response.	These	‘EBR	
genes’	appear	 to	be	related	to	biological	 features	specific	 to	 individual	 lineages	 (Larkin	et	al.	
2009;	Elsik	et	al.	2009;	Groenen	et	al.	2012).	A	pattern	of	EBR	reuse	is	also	evident	with	some	
regions	 of	 the	 genome	 being	 particularly	 prone	 to	 chromosomal	 breakage	 (Sankoff	 1999;	
Stankiewicz	&	Lupski.	2002).	 In	fact,	among	birds	(chicken,	turkey	and	zebra	finch)	 it	appears	
that	 breakpoint	 re-use	 occurs	more	 often	 than	 is	 seen	 in	mammals	 (Skinner	&	Griffin	 2012;	










the	 central	 nervous	 system	 although	 some	 authors	 refute	 the	 notion	 that	 these	 proximity	
patterns	occur	or	that	there	is	any	adaptive	significance	when	they	do	(e.g.	Singer	et	al.	2005;	





with	 a	 sufficiently	 complete	 chromosomal	 level	 genome	 assembly	 (Alföldi	 et	 al.	 2011)	 to	










clear	distinction	between	 the	 two	groups,	 in	common	parlance,	and	 for	 the	purposes	of	 this	
study	 dinosaurs	 are	 referred	 to	 as	 being	 phylogenetically	 distinct	 from	 their	 archosaurian	
relatives,	 the	 testudines	 (turtles),	 crocodilians	 and	 birds.	 The	 Dinosauria	 have	 captured	 the	









using	cross	 species	 chromosome	painting,	which,	while	useful,	 is	 limited	by	 the	evolutionary	





distances,	 FISH	 using	 paints	 derived	 from	 chicken	 chromosomes	 have	 been	 successfully	
hybridised	 to	 the	 chromosomes	 of	 turtles	 (which	 diverged	 from	 the	 archosaurs	 260	 mya)	
illustrating	a	remarkable	degree	of	homology	between	them	and	birds	suggesting	a	very	early	
origin	 of	 the	 ‘avian	 style’	 genome	 (Matsuda	 et	 al.	 2005).	 Further	 regions	 of	 chromosome	
homology	have	also	been	identified	using	chicken	paints	on:	crocodiles	and	lizards	(Kasai	et	al.	
2012;	Pokorná	et	al.	2011;	Pokorná	et	al.	2012)	suggesting	that	these	regions	were	present	in	




















karyotype	 through	 analysis	 of	 6	 avian	 genomes	 and	 to	 infer	 the	 evolution	 of	
chromosomal	rearrangements	from	the	divergence	of	the	avian	ancestor	to	extant	avian	
karyotypes	














was	performed	as	described	 in	section	2.3.	Frozen	fibroblast	cells	 for	 the	anole	 lizard	 (Anolis	
















(ostrich	 and	 budgerigar)	 against	 one	 outgroup	 (anole	 lizard).	 Pairwise	 alignments	 of	 the	































the	 extant	 bird.	 Rainbow	 patterned	 arrows	 within	 the	 chromosomes	 represent	 the	 HSBs,	 red	 curved	 arrows	










be	 derived	 (unlike	 for	 other	 chromosomes	 smaller	 than	 5).	 *	 in	 Budgerigar,	 FISH	 indicates	 fusion	 to	 a	 larger	
chromosome.	Colour	scheme	and	pattern	consistent	with	Figure	6-2.	
		





than	actual	 rearrangements	 (Zhang	et	 al.	 2014a).	 These	 results	 also	 suggest	 that	 the	ostrich	
lineage	underwent	44	 intrachromosomal	 changes	on	 chromosomes	1-5	 since	 the	divergence	
from	the	common	avian	ancestor	(approximately	100	mya),	and	the	duck	underwent	28	changes	
since	the	Galliformes-Anseriformes	divergence	(~65	mya).	A	faster	rate	of	change	was	seen	in	






































Intrachromosomal	 events	 identified	 here	 are	 most	 parsimoniously	 explained	 by	 a	 series	 of	
inversions	whereas	the	interchromosomal	rearrangements	are	likely	to	have	occurred	due	to	a	

































13	 indicated	 involvement	 in	nucleotide	binding	and	 chromosomes	14	and	17	 showed	a	high	
density	of	genes	involved	in	the	WD40	complex.	Chromosome	15	had	significant	results	for	both	






and	 chromosome	 26	 had	 significant	 results	 for	 sensory	 stimulation.	 Finally,	 chromosome	 28	
















conservation	 observed	 between	 avian	 and	 reptilian	 species,	 this	 set	 of	 BACs	 was	 tested	 on	






the	 36	 (47%)	 microchromosome	 probes	 produced	 a	 signal.	 At	 least	 one	 signal	 per	 chicken	
microchromosome	 was	 achieved	 in	 the	 turtle	 and	 signals	 for	 all	 but	 three	 chicken	












√	 √	 	 TGMCBA-250E3	 20	
No	 No	
CH261-71G18	 √	 No	 	 TGMCBA-341F20	 No	 No	
CH261-121N21	
11	
√	 √	 	 CH261-83I20	 21	
No	 No	
CH261-154H1	 √	 No	 	 CH261-122K8	 √	 √	
CH261-60P3	
12	
Proto	 No	 	 CH261-40J9	
22	
√	 √	
CH261-4M5	 Proto	 Proto	 	 CH261-18G17	 √	 √	
CH261-115I12	
13	
No	 No	 	 CH261-191G17	
23	
No	 √	
TGMCBA-321B13	 Proto	 Proto	 	 CH261-90K11	 √	 √	
CH261-122H14	
14	
√	 No	 	 CH261-103F4	 24	
√	 √	
CH261-69D20	 √	 No	 	 CH261-65O4	 √	 √	
CH261-90P23	
15	
√	 √	 	 CH261-59C21	
25	
No	 No	
TGMCBA-266G23	 √	 √	 	 CH261-127K7	 √	 No	
TGMCBA-375I5	
17	
√	 √	 	 CH261-186M13	
26	
Proto	 No	
CH261-42P16	 √	 No	 	 CH261-170L23	 Proto	 Proto	
CH261-60N6	
18	
√	 No	 	 CH261-66M16	 27	
No	 No	
CH261-72B18	 √	 No	 	 CH261-28L10	 √	 No	
CH261-10F1	
19	
√	 √	 	 CH261-64A15	
28	
√	 No	
CH261-50H12	 √	 √	 	 CH261-72A10	 √	 No	
	
Table	6-2:	Hybridisation	success	by	GGA	chromosome	using	GGA	BACs	on	Anolis	carolinensis	 (anole	 lizard)	and	





reptiles	 investigated	 here	 was	 observed	 with	 apparent	 homology	 between	 8	
microchromosomes:	GGA10,	11,	15,	17,	19,	21,	23	and	24	–	all	of	which	appear	to	be	conserved	
as	microchromosomes	with	no	evidence	of	 fusion	or	 fission.	 In	 addition,	homology	as	 intact	
microchromosomes	was	observed	between	GGA14,	18,	25,	27	and	28	in	the	turtle.	These	results	
therefore	suggest	that	GGA24	is	conserved	as	a	microchromosome	across	all	avian	and	reptile	



















a	higher	diploid	number	as	 is	 seen	 in	most	birds	where	~2n=80.	Results	generated	using	 the	
avian	 FISH	 probes	 revealed	 a	 minimum	 of	 three	 cases	 (GGA12,	 13	 and	 26)	 where	 chicken	
microchromosome	 homologs	 appeared	 fused	 to	macrochromosomes	 in	 both	 the	 lizard	 and	
turtle	 species	 suggesting	 that	 these	 were	 in	 fact	 ‘protomicrochromosomes’	 that	 had	
subsequently	split	in	the	avian	lineage	to	form	microchromosomes.	The	homolog	of	GGA26	is	
also	one	of	 the	microchromosomes	 that	appears	 to	 remain	 intact	across	all	 avian	 species	as	












Figure	 6-7:	 Dual	 colour	 FISH	 of	 GGA26	 illustrating	 a	microchromosomal	 pattern	 in	 three	 representative	 avian	
species	(a)	Columba	livia,	(b)	Coturnix	japonica,	(c)	Cyanoamphus	novaezelandia	and	the	position	of	the	same	BACs	








(d)	Anolis carolinensis (e)	Trachemys scripta





6.4.4 Specific	 aim	 4d:	 To	 use	 a	 similar	 approach	 to	 specific	 aim	 4a	 to	 infer	 the	






Using	 a	 similar	 approach	 to	 that	 described	 in	 section	 6.4.1.1,	 results	 from	 this	 study	 were	
generated	 from	 the	 alignment	 of	 the	 three	 best	 avian	 genomes	 that	 were	 assembled	 at	 a	
chromosomal	 level	 (chicken,	 duck	 and	 zebra	 finch)	 along	 with	 the	 best	 assembled	 reptile	
genome	available	assembled	 to	a	partial	 chromosomal	 level	 (Anolis	carolinensis)	 against	one	
mammalian	outgroup	(opossum	–	Monodelphis	domestica).	Pairwise	alignments	of	the	genomes	
allowed	 for	 the	 visualisation	 of	 multispecies	 HSBs	 -	 msHSBs	 (and	 their	 orientation	 in	 each	
genome)	as	well	 as	 the	 identification	of	EBRs	between	 these	msHSBs.	An	Evolution	Highway	









Pairwise	 multiple	 genome	 alignments	 of	 the	 five	 species,	 including	 the	 chicken	 reference,	
resulted	 in	 a	 total	 of	 397	 msHSBs.	 These	 were	 distributed	 across	 19	 of	 the	 28	 sequenced	
chromosomes	available	on	Evolution	Highway:	GGA1–GGA9,	GGA11–GGA13,	GGA15,	GGA18,	
GGA20,	GGA24,	GGA26,	GGA27,	and	GGAZ.	The	397	msHSBs	were	also	dispersed	on	19	duck	
chromosomes,	 21	 zebra	 finch	 chromosomes,	 10	 lizard	 chromosomes,	 and	 8	 opossum	
chromosomes.	 Despite,	 reduced	 genome	 coverage	 due	 to	 the	 lizard	 chromosome	 assembly	













Data	 derived	 in	 section	 6.4.4,	was	 used	 to	 produce	 a	 series	 of	 contiguous	 ancestral	 regions	
(CARs)	 representing	 the	most	 likely	 ancestral	 karyotype	of	 the	 saurian	 ancestor	 (ancestor	of	
archosauromorphs	and	lepidosaurs)	that	diverged	from	the	mammalian	lineage	275	mya	using	
the	MGRA2	 algorithm.	MGRA2	 outputs	 generated	 397	 msHSBs	 spread	 across	 19	 CARs	 (the	
number	of	msHSBs	per	CAR	varied	between	2	and	59).	Chicken	homologs	aligned	to	the	CARs	
are	illustrated	in	Figure	6-10.	The	overall	CAR	sizes	produced	by	MGRA2	are	listed	in	Table	6-3.	
Saurian	Ancestor	CAR	 	CAR	Size	(bp)		 		 Saurian	Ancestor	CAR	 	CAR	Size	(bp)		
1	 	93,013,653		 		 11	 	11,567,190		
2	 	84,004,751		 		 12	 	8,839,163		
3	 	76,908,731		 		 13	 	4,789,024		
4	 	29,706,497		 		 14	 	2,652,299		
5	 	43,492,374		 		 15	 	2,198,148		
6	 	32,219,224		 		 16	 	3,197,780		
7	 	8,762,780		 		 17	 	1,164,820		
8	 	14,486,888		 		 18	 	785,330		
9	 	13,844,044		 		 19	(Z)	 	33,692,620		



















SAA11 SAA12 SAA13 SAA14 SAA15 SAA16
GGA3
SAA17 SAA18 SAA19






















Reconstructed	 CARs	 derived	 from	 MGRA2	 were	 subsequently	 aligned	 against	 the	 extant	
genomes.	The	rearrangements	between	the	saurian	ancestor	and	each	bird	were	then	modelled	
using	the	model	of	maximum	parsimony.	A	total	of	49	inversions	were	identified	between	the	
saurian	 ancestor	 and	 the	 chicken	 genome	 along	 with	 10	 interchromosomal	 changes.	
Rearrangements	 are	 listed	 in	 Table	 6-4	 by	 ancestral	 chromosome	 and	 an	 example	 of	 the	
intrachromosomal	rearrangements	that	occurred	between	SAA1	and	GGA2	is	shown	in	Figure	
















133	to	14897	to	119 120 127	to	131 -121	to	-126 -132
133	to	14897	to	119 120 127	to	131-121	to	-126 -132












-210 204 -212	to	- 215211 -205216 199	to	203 198 208	to	209 -206	to	- 207 217	to	226
-210204 -212	to	- 215211-205 216199	to	203198 208	to	209-206	to	- 207 217	to	226
-210204-212	to	- 215 211-205 216199	to	203198 208	to	209 -206	to	- 207 217	to	226
-210 211204 -212	to	- 215-205216199	to	203198 208	to	209 -206	to	- 207 217	to	226
-210 211204 -212	to	- 215-205 216199	to	203198 208	to	209 -206	to	- 207 217	to	226
204 -205199	to	203198 -210211 -212	to	- 215 216208	to	209-206	to	- 207 217	to	226










SAA	Chr	 Interchromosomal	 Intrachromosomal	 Interchromosomal	 Intrachromosomal	
1	 0	 3	 0	 4	
2	 0	 1	 1	 3	
3	 2	 3	 2	 8	
4	 0	 0	 0	 9	
5	 0	 1	 0	 2	
6	 1	 1	 1	 1	
7	 1	 0	 1	 3	
8	 1	 0	 1	 3	
9	 1	 0	 1	 3	
10	 0	 0	 0	 0	
11	 0	 0	 0	 2	
12	 1	 0	 1	 1	
13	 0	 0	 0	 1	
14	 0	 0	 0	 0	
15	 1	 0	 1	 0	
16	 1	 0	 1	 0	
17	 0	 0	 0	 0	
18	 0	 0	 0	 0	
19	 0	 3	 0	 9	
Total	 9	 12	 10	 49	
	
Table	6-4:	Total	number	of	 inter	and	 intrachromosomal	 rearrangements	between	the	saurian	ancestor	and	the	
avian	ancestor	and	the	saurian	ancestor	and	the	extant	chicken	genome.	
	
Of	 the	 interchromosomal	 rearrangements	 that	 were	 identified	 and	 listed	 in	 Table	 6-4,	 a	

















Between	 the	 avian	 ancestor	 and	 the	 extant	 chicken	 genome	 a	 fusion	 occurred	 to	 form	
chromosome	1	in	the	chicken	and	a	reciprocal	translocation	occurred	between	avian	ancestor	
CARs	 that	 went	 onto	 become	 GGA	 chromosomes	 1	 and	 7.	 The	majority	 of	 rearrangements	
between	these	two	ancestors	were	in	fact	intrachromosomal	with	a	total	of	37	inversions	that	




























was	 to	 test	 whether	 there	 was	 a	 difference	 in	 output	 when	 comparing	 GO	 terms	 analysed	




Within	 the	 msHSBs,	 significant	 enrichments	 were	 observed	 for	 GO	 terms	 relevant	 to	
transmembrane	transport	(symport)	and	signaling.	Other	msHSB-specific	GO	term	enrichments	
appear	to	be	related	to	synapse/neurotransmitter	transport,	nucleoside	metabolism	and	use,	













































































































































































































































































































































































































































others)	 can	 ensue.	 Central	 to	 the	 analysis	 (both	 avian	 specific	 and	 dinosaur)	 was	 a	 highly	
interactive	 avian	 genome	 dataset	 from	 the	 Evolution	 Highway	 comparative	 chromosome	













by	 use	 of	 algorithms	 (such	 as	 RACA)	 to	 order	 and	 orient	 scaffolds	 into	 longer	 chromosomal	
fragments	(e)	by	systematic	FISH	mapping	to	chromosomes	of	orthologous	clones	derived	from	
the	 individual	 scaffolds.	 The	 latter	was	demonstrated	 in	 turtle	 and	 lizard	metaphases	 in	 this	
chapter	and	 in	other	avian	species	 in	 the	 two	previous	chapters.	Given	 the	efforts	 that	have	
been	 made	 to	 sequence	 the	 genomes	 of	 birds,	 mammals	 and	 reptiles	 recently	 by	 current	













EBRs	 and	 HSBs.	 Ancestral	 genome	 reconstruction	 tools,	 largely	 designed	 for	 mammalian	
chromosome	 level	 genomes	 (Jarvis	 2016)	 are	 also	 unable	 to	 reliably	 manage	 scaffold	 level	







the	macrochromosomes	 applies	 to	 the	microchromosomes	 has	 previously	 been	 beyond	 the	
resolution	of	contemporary	methodology.	This	thesis,	in	the	last	three	chapters,	is	the	first	to	
classify	 intermicrochromosomal	 rearrangements	 in	 any	 species.	 Evidence	 is	 provided	 that	
interchromosomal	rearrangements	are	nonetheless	rare,	except	in	cases	(around	1/3	of	species)	
where	we	already	knew	that	karyotypes	were	highly	rearranged	(Christidis	1990;	Griffin	et	al.	
2007).	 The	ostrich	 is	 apparently	 the	exception	however	according	 to	 results	presented	here.	






ancestor.	 The	 extent	 to	 which	 this	 represents	 assembly	 errors	 or	 genuine	 chromosome	
rearrangements	 is	 still	 an	open	question,	however	 the	 technology	developed	 in	 three	of	 the	









































with	 chromosomal	 fission	 being	 the	 mechanism	 that	 created	 the	 remainder	 of	 the	 avian	
microchromosomes	(Burt	2002).	From	a	cytogenetic	point	of	view,	this	hypothesis	is	supported	
by	the	high	degree	of	similarity	seen	between	the	turtle	and	the	chicken	karyotype.	Zoo-FISH	
studies	 using	 chicken	 macrochromosome	 paints	 on	 the	 chromosomes	 of	 the	 Chinese	 soft-









colleagues	 revealed	 a	 higher	 degree	 of	 interchromosomal	 rearrangement	 than	 previously	
assumed,	including	the	fusions	of	GGA12,	13	and	26	to	macrochromosomes	as	identified	in	this	








Interestingly,	 cytogenetic	 data	 from	 this	 chapter	 and	 chapter	 4	 reveal	 that	 across	 the	 anole	
lizard,	the	red-eared	slider	turtle	and	all	avian	species	tested,	there	is	one	microchromosome	
homolog	(GGA24)	which	appears	to	remain	intact	with	no	evidence	of	fusion	or	fission	over	the	











(2n=~30)	 and	 absence	 of	microchromosomes	 in	 the	 crocodilians	 suggests	 a	 large	 degree	 of	
chromosomal	fusion	in	the	23	species	that	represent	this	group.	Recent	sequencing	of	the	anole	
lizard	genome	including	assembly	to	a	chromosomal	level	for	chromosomes	1	to	6	(Alföldi	et	al.	
2011)	 facilitated	 the	 bioinformatics	 approach	 to	 ancestral	 genome	 reconstruction	 presented	
here,	however	 full	ancestral	 reconstruction	using	 this	method	was	 limited	due	 to	 the	 lack	of	





colleagues	 found	 a	 direct	 syntenic	 correlation	 at	 a	 sequence	 level	 between	 the	
microchromosomes	 of	 A.	 carolinensis	 and	 the	 chicken	 genome	 with	 all	 but	 one	 anole	
microchromosome	corresponding	to	a	single	chicken	microchromosome.	Given	that	the	anole	














majority	 of	 the	 interchromosomal	 rearrangements	 actually	 occurred	 prior	 to	 the	 testudine	
divergence	 260	 mya.	 This	 would	 suggest	 that	 the	 characteristic	 avian	 style	 karyotype	 was	
established	at	very	early	stage	of	theropod	evolution	and	was	therefore	a	feature	evident	in	the	
dinosaur	 lineage	and	probably	also	 in	 the	pterosaurs.	 It	appears	 therefore	that	 the	since	the	
lepidosaurs	diverged	from	the	archosauromorphs	275	mya,	the	archosauromorph	genome	has	
remained	remarkably	constrained	by	size,	possibly	due	to	the	 later	requirements	of	flight	(as	
would	 certainly	 be	 the	 case	 for	 the	 pterorsaurs	 -	 this	 is	 discussed	 further	 in	 the	 general	
discussion).	The	crocodilians	seem	to	be	the	exception	to	this	pattern,	perhaps	due	to	fewer	
environmental	 constraints	 to	 genome	 size	 which	 allowed	 the	 accumulation	 of	 repetitive	
elements,	 thereby	 facilitating	 the	high	degree	of	 fusion	seen	 in	 the	crocodile	karyotype.	The	
small	 genome	 size	of	 saurischian	dinosaurs	 identified	 through	osteocyte	 size	by	Organ	et	 al.	
(2007)	 supports	 the	notion	 that	 this	has	been	a	 long	established	 feature	 in	 this	 lineage.	The	
larger	genome	size	seen	in	the	lepidosaurs	and	the	testudines	(average	3.2Gb),	which	reduces	












extraordinary	 phenotypic	 diversity	 seen	 among	 birds	 with	 over	 10,000	 extant	 species	
corresponds	with	this	highly	unique	karyotype.		
	







were	 ancestrally	 fused	 to	 a	macrochromosome;	 10	 of	 these	 17	microchromosomes	 are	 not	
covered	by	the	bioinformatic	ancestral	approach.	Taken	together	then,	with	the	20	ancestral	
chromosomes	 generated	 bioinformaticaly	 gives	 an	 overall	 chromosome	 number	 of	 30	 pairs,	









also	 suggest	 that	 at	 least	 12	 intrachromosomal	 rearrangements	 occurred	 in	 this	 period	
suggesting	 that	 the	 overwhelming	mechanism	 of	 change	 at	 this	 time	 point	 and	 at	 the	 level	
detectable	here	was	interchromosomal.	It	appears	then	that	at	this	point	the	overall	karyotype	









As	mentioned	 in	 section	1.5.3	gene	ontology	analysis	of	HSBs	and	EBRs	provide	clues	 to	 the	
biological	significance	of	evolutionary	changes	within	specific	lineages	leading	to	the	phenotypes	
characteristic	of	those	species.	In	an	effort	to	discover	the	biological	significance	behind	these	
changes,	Farré	et	al.	 (2016)	analysed	 the	GO	 terms	present	 in	EBRs	 that	are	associated	with	
specific	avian	adaptive	features	in	individual	species,	finding	(among	other	results)	significant	







constant	 (Larkin	et	 al.	 2009),	 the	 results	presented	here	are	 consistent	with	 this	hypothesis.	
Realistically	 however,	 transmembrane	 and	 neurotransmitter	 transport	 as	 well	 as	 cell	




the	 dinosaur	 lineage	 supports	 the	 hypothesis	 that,	 at	 an	 interchromosomal	 level,	
microchromosomes	represent	blocks	of	conserved	interchromosomal	synteny,	(suggesting	that	
these	 are	 essentially	 large	 HSBs).	 When	 testing	 the	 hypothesis	 therefore	 that	 there	 are	
enrichments	 for	 genes	 that	 have	 an	 evolutionary	 advantage	 to	 staying	 together	 as	 a	 single	
microchromosome,	only	an	enrichment	for	immune	genes	on	chromosome	16	(consistent	with	
the	 presence	 of	 the	MHC)	 was	 found.	 These	 results	 suggest	 that	 while	 microchromosomes	
represent	highly	 conserved	blocks	of	 interchromosomal	 synteny	 there	 is	 limited	evidence	 to	
support	 the	 hypothesis	 that	 this	 is	 due	 to	 a	 clustering	 of	 associated	 genes	 on	 the	 same	
chromosome.	 Species	 that	 exhibit	 a	 high	 degree	 of	 interchromosomal	 rearrangement	
(mammals,	 reptiles	 and	 amphibians)	 all	 tend	 to	 have	 large,	 repeat-rich	 genomes	 that,	 as	
described	in	section	1.5,	appear	to	correlate	with	a	higher	rate	of	rearrangement.	The	results	
presented	in	this	thesis	suggest	that	some	avian	lineages	(such	as	the	parrots)	also	undergo	a	
similar	 degree	 of	 chromosomal	 change	 but	 without	 the	 correspondingly	 large,	 repeat	 rich	






in	 response	 to	 the	 exploitation	 of	 evolutionary	 niches,	 which	 ultimately	 end	 in	 fixed	
interchromosomal	rearrangements.	 In	 the	majority	of	other	bird	species	however,	 it	appears	
that	such	fixation	is	prevented,	resulting	in	maintenance	of	an	overall	stable	avian	karyotype.		
	
Perhaps	more	 interesting	biologically	however	was	 the	 fact	 that	GO	analysis	of	 the	dinosaur	















body	 size	 increased	 to	 up	 to	 160kg,	 prior	 to	 a	 pattern	 of	 prolonged	 decrease	 in	 body	 size	
between	200	and	160	mya.	A	 recent	 study	by	 Lee	at	 al	 (2014)	 found	a	pattern	of	 sustained	
























Results	 presented	 here	 suggest	 that	 a	 combined	 bioinformatics	 and	 molecular	 cytogenetic	
approach	 is	 a	 powerful	 means	 of	 ancestral	 genome	 reconstruction	 where	 both	 methods	
complement	 each	 other	 in	 order	 to	 extend	 the	 resolution	 for	 which	 ancestral	 karyotype	
reconstruction	can	be	performed.	Achieving	a	level	of	detail	not	possible	with	each	method	in	






a	 reduction	 in	 interspersed	elements	and	corresponding	genome	size	 reduction	along	with	a	
previous studies of size evolution along the bird
stem lineage identified trends anecdotally and
used undated cladograms or supertrees, along
with parsimony-based character reconstructions
[e.g., (4–9, 14)] that ignore vital temporal (branch
length) information, which potentially compro-
mise accuracy (19). The only studies to use quan-
titative likelihood approaches in an explicitly
temporal framework (15, 16) focused on identi-
fying individual branches undergoing fast changes
[e.g., Coelurosauria and Paraves (6–8, 15, 16)] and
thus did not evaluate directional trends (sustained
miniaturization or gigantism) across consecu-
tive branches. Furthermore, rates of anatomical
innovation along the bird stem lineage remain
underexplored. Most previous studies have eval-
uated evolutionary rates of a few continuous
characters, such as limb proportions or body size
(6, 11, 15, 16, 19). However, evolutionary inno-
vation is arguably much better represented by
the hundreds of discrete anatomical traits (from
across the entire phenotype) that typically make
up large phylogenetic data sets.
Here, we identify distinct evolutionary dynam-
ics (sustained miniaturization and accelerated
skeletal innovation) in the bird stem lineage,
using the most character-rich anatomical data
set for dinosaurs compiled to date (20) [data
set 1, expanded from (21): 120 taxa, 1549 skeletal
characters, including autapomorphies and in-
variant characters]. We also analyzed a second
matrix (data set 2: 100 taxa, 421 characters) that
uses a smaller number of characters but that has
been iteratively scrutinized by numerous workers
(22), based on (8, 23). Stratigraphic age and femur
length were recorded for all adequately known
taxa (20). The femur is frequently preserved and
scales more tightly with inferred body mass than
anyothermeasurement (24) [correlation coefficient
(r) > 0.995], exhibiting homogenous allometry at
least within nonavialan theropods (6). It is thus
often used as a size proxy [e.g., (9, 11, 15, 24)]
and yields estimates highly consistentwith volume-
tric (14) and composite (16) estimates. Accordingly,
we use femur length as a size proxy up to Avialae
[but not beyond (6): see supplementary mate-
rials (SM), part B]; use of multimeasurement
proxies would greatly reduce taxon sampling.
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Fig. 1. Body size is highly conserved within theropod dinosaurs; birds and their closest relatives are consistently small. Bayesian maximum clade
credibility consens s ree and size rec nstructions from data set 1: Branch s are colored accordin to inferred body size (index d by log10 femur length), with
ancestral values for nodes along the bird stem lineage shown. All taxon names and size values for all nodes and tips are in fig. S1; posterior probabilities of all
clades are in fig. S2. Parsimony a alysis reveals similar conservatism (fig. S8), as do Bayesian and parsimony analyses of data set 2 (22, 23) (figs. S5 and S9).
Abbreviations: Allo, Allosauroids; Tyranno, Tyrannosauroids; Compso, Compsognathids; Ornitho, Ornithomimosaurs.
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This	 thesis	has	made	a	 significant	 contribution	 towards	 the	understanding	of	 cytogenetically	
associated	 reproductive	 issues	 and	 reproductive	 isolation,	 both	 from	 an	 individual	 organism	
perspective	and	from	the	point	of	view	of	evolution	and	speciation.	From	a	technical	standpoint,	









This	 thesis	 contains	 aspects	 of	 each	 of	 these	 three	 elements.	 It	 provides	 insight	 into	 the	
formation	 of	 and	 subsequent	 evolution,	 of	 a	 phylogenetic	 class	 (birds)	 with	 a	 signature	







BAC	 probes	 selected	 and	 labelled	 and	 multiprobe	 devices	 developed	 for	 all	 three	
species.	 Two	of	 these	 (pig	 and	 chicken)	 became	 commercial	 products	 (with	 cattle	 in	





to	 be	 an	 effective	 tool	 for	 screening	 of	 evolutionary	 chromosome	 rearrangements	
among	 Galliformes.	 Further	 development	 of	 this	 tool	 through	 the	 incorporation	 of	
probes	containing	evolutionary	conserved	regions	(identified	by	colleagues	at	the	Royal	





phylogenetically	 distant	 birds.	 These	 worked	 successfully	 on	 all	 birds	 attempted,	
confirming	the	hypothesis	 that	microchromosomes	remain	 largely	conserved	 in	most	
species,	 either	 as	 discrete	 entities	 (most	 birds)	 or	 fused	 ‘intact’	 to	 form	 larger	
chromosomes	in	the	falcon	and	parrot	species	under	investigation.		
	
3. The	 technology	 developed	 in	 specific	 aim	 2	 (evolutionarily	 conserved	 probes)	 was	
successfully	 used	 to	 upgrade	 the	 scaffold	 based	 genome	 assemblies	 of	 pigeon	 and	
peregrine	 falcon	 to	 chromosome	 level,	 similar	 to	 that	 achieved	 by	more	 traditional	
(Sanger)	approaches.	Tools	were	made	available	 to	do	the	same	on	a	 range	of	other	






(Saurischian,	 Therapoda,	 Maniraptora,	 Paraves,	 Avialae)	 lineage	 and	 several	 avian	
(Galliformes,	 Anseriformes,	 Psittaciformes,	 Ratite)	 lineages	 were	 retraced.	 Gene	
ontology	 analysis	 of	 multi-species	 homologous	 synteny	 blocks	 (msHSBs)	 and	
evolutionary	 breakpoint	 regions	 (EBRs)	 of	 chromosomes	 revealed	 clade	 specific	










by	 collaborators	 at	 Cytocell	 and	 are	 available	 to	 purchase	 directly	 from	 the	 company.	 The	
porcine	 device	 is	 routinely	 used	 in	 our	 lab	 and	 other	 labs	 to	 screen	 for	 chromosomal	



















The	 chicken	 multiprobe	 device	 has	 also	 generated	 interest	 within	 the	 avian	 genomics	
community	and	has	been	successfully	adapted	by	Cytocell	to	incorporate	additional	probes	in	
order	 to	 map	 viral	 integration	 sites	 within	 the	 chicken	 genome,	 thereby	 illustrating	 a	 large	
degree	of	flexibility	for	future	bespoke	projects.	It	has	also	now	formed	the	basis	of	two	teaching	
















Future	 adaptation	 of	 the	 chicken	 device	 to	 incorporate	 the	 high	 success	 BACs	 described	 in	
chapter	4	 (specific	 aim	2)	will	 ultimately	provide	a	 valuable,	 cost	effective	 tool	 for	 the	avian	
comparative	genomics	community	as	well	as	provide	proof	of	principle	that	the	method	can	be	
























lineage	 resulted	 in	 the	 basic	 pattern	 of	 2n=80	 (~30	 pairs	 of	 microchromosomes)	 with	 this	








In	 this	 study	 (chapter	 6,	 specific	 aim	 4	 and	 published	 in	 Romanov	 et	 al.	 2014)	 evidence	 is	
provided	 that	 leads	 to	 suggested	 possible	mechanisms	why,	with	 relatively	 rare	 exceptions,	
avian	genomes	remain	evolutionarily	stable	interchromosomally.	Absence	of	interchromosomal	




largely	un-hindered	and	can	accelerate	 in	 line	with	rapid	speciation	events.	 Indeed,	 the	near	
absence	of	interchromosomal	rearrangement	is	no	barrier	to	diversity	and	a	direct	correlation	
has	been	reported	between	the	rates	of	speciation	and	intrachromosomal	rearrangement	(King	































has	 a	 reduced	 opportunity	 for	 chromosome	 rearrangement	 as	 there	 are	 low	 numbers	 of	






basic	 karyotype	 structure	 was	 in	 place	 long	 before	 avian	 genome	 size	 reduction.	 Average	









reported	 to	have	smaller	genomes	 than	other	Avemetatarsalians	 (Organ	and	Shedlock	2009)	
and	bats	have	smaller	genomes	than	other	mammals	(Hughes	and	Hughes	1995)),	other	factors	
genome-size stasis (phylogenetic t-test for difference between
genome size of birds and non-avian theropods, P-value5 0.24;
between extant birds and non-avian theropods, P-value5 0.38),
and the analysis suggests that the small, presumably gene-dense
genomes in this clade have not changed substantially in size for the
last 230 million years (Fig. 2).
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Figure 1 | Primary histological data, distribution of average osteocyte-cell
size in extinct dinosaur species, and regression lines derived from data on
extant animals used to infer genome size and interspersed repetitive
elements. Black lines in c and d indicate the average of a bayesian posterior
distribution of GLS phylogenetically corrected regression lines and grey
dotted lines indicate their 95% confidence intervals (see Supplementary
Information). a, Histologicalmicrograph of compact cortical secondary bone
from a diaphyseal cross-section of an Allosaurus fragilis (extinct theropod
dinosaur) radius. Circles indicate the type of cells that were measured and
triangles indicate the type of cells that were not measured. b, Distribution of
average osteocyte cell sizes in 31 extinct dinosaur species. Red and blue
crosses indicate themedian (vertical) and standard (horizontal) deviation for
theropod and ornithischian species, respectively. c, The regression line (grey)
is ln(geno e size)521.81 0.56 ln(cell size), r25 0.59 (P-value, 0.0001,
H0, b15 0). The GLS line (black) is ln(genome size)520.871 0.36 ln(cell
size), r25 0.32 (Bay factor5 9.9,H0,b15 0).d, The regression line (grey) is
ln(transposable elements)523.71 1.69 ln(genome size), r25 0.58
(P-value, 0.0001, H0, b15 0). Th GLS line is ln(transposable















































































































































































































































































































































































































































































































































































Figure 2 | Haploid genome size (mean of posterior predictive distribution)
mapped onto a phylogeny shows a reduction within saurischian dinosaurs,
the lineage to which birds belong. Myr, million years.
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interchromosomal	 rearrangement,	 particularly	 microchromosomal	 fusion	 remain	 topics	 of	








Vertebrates	with	 large,	 repeat-rich	 genomes	 (such	 as	mammals	 and	 amphibians)	 frequently	
demonstrate	rapid	intra-	and	interchromosomal	rearrangements	(Eichler	&	Sankoff	2003).	The	
results	 presented	here	 suggest	 that	birds	 too	 can	undergo	 similar	 changes	 in	 certain	 groups	
































here	 is	nonetheless	 a	 successful	one.	 This	was	already	apparent	 in	birds	 (Griffin	et	 al.	 2007)	
however,	as	a	result	of	this	thesis	it	seems	that	this	statement	can	be	extended	to	non-avian	
dinosaurs	and	(possibly)	pterosaurs	as	well.	As	described,	the	greater	possible	combination	of	
gametes	from	having	more	chromosomes	and	the	 increase	 in	overall	 recombination	rate	per	
chromosome	 (despite	 the	 lack	 of	 recombination	 hot	 spots)	 ultimately	 has	 the	 effect	 of	
generating	 variation,	 the	 driver	 of	 natural	 selection.	 Burt	 (2002)	 suggested	 that	 a	 higher	
recombination	 rate	 has	 also	 contributed	 to	 the	 unique	 genomic	 features	 seen	 in	




























et	 al.	 2012).	 Several	 hundred	 genomes	 are	 already	 being	 assembled	 to	 scaffold	 level	 by	
individual	projects	or	consortia	such	as	Genome10K	(Koepfli	et	al.	2015).	Mammals	are	the	most	
studied	 class	 of	 organisms	 in	 the	 scientific	 literature,	 largely	 due	 to	 their	 use	 as	 biomedical	
models	(e.g.	mouse,	rat,	rabbit,	pig),	companion	animals	(e.g.	cat	and	dog)	and	food	production	
(e.g.	cattle,	pig,	sheep)	as	well	as	a	degree	of	self-interest	in	Homo	sapiens.	Many	mammalian	
species	 are	 also	 on	 the	 IUCN	 Red	 list	 meaning	 that	 tools	 for	 the	 study	 of	 ecology	 and	
conservation	are	essential.		
	
Next	 generation	 sequencing	 (NGS)	 in	 mammals	 has	 already	 had	 a	 significant	 impact	 on	
personalised	medicine	(predominantly	in	humans),	agriculture	(pig,	cattle,	sheep	etc.)	and	basic	
studies	(mainly	mouse).	As	has	been	highlighted	in	this	thesis	(chapter	5)	these	studies	rely	on	
integration	 of	 the	NGS	 data	with	 an	 initial	 chromosome-level	 reference	 assembly	 built	with	
traditional	mapping	 technologies	 and	 longer-read	 capillary	 (Sanger)	 sequencing.	Most	of	 the	
current	de	novo	NGS	mammalian	genome	efforts,	 like	 their	 avian	 counterparts,	do	not	have	
these	chromosome	level	assemblies	for	the	reasons	already	given	(see	section	1.1.4).	Even	for	
those	mammals	of	 sufficient	 interest	 to	warrant	 the	additional	 funding	 to	 take	advantage	of	
newer	 technologies	 (Optical	 mapping,	 Dovetail,	 BioNano,	 PACBio	 –	 see	 section	 1.1.6)	 that	
generate	 longer	 sequencing	 reads,	 these	 are	 nonetheless	 still	 large	 scaffolds.	 As	 previously	
described	 (section	 1.1.6)	 extending	 across	 fragile	 regions,	 centromeres	 or	 large	


























































these	 trips	has	emphasised	 the	 international	nature	of	 scientific	 research	and	reinforced	 the	
importance	of	collaboration	across	borders	and	across	disciplines	(as	well	as	being	a	lot	of	fun!).	
Development	work	with	Ensembl,	 to	 load	 the	 ‘dinosaur’	 genome	generated	here	 into	a	web	























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































CLI	Chrom	 BAC	Name	 CLI	Start	Position	 CLI	End	Position	 GGA	Homolog	
1	 CH261-89C18	 396,281	 567,747	 1	
1	 TGMCBA-206D5	 5,887,762	 6,035,883	 1	
1	 CH261-89G23	 19,959,217	 20,196,167	 1	
1	 CH261-119K2	 29,209,698	 29,446,014	 1	
1	 CH261-25P18	 62,666,825	 62,909,469	 1	
1	 CH261-36B5	 73,883,062	 74,090,665	 1	
1	 CH261-29N14	 100,209,284	 100,405,963	 1	
1	 CH261-18J16	 110,416,860	 110,675,329	 1	
1	 TGMCBA-204O4	 114,507,041	 114,681,760	 1	
1	 CH261-118M1	 128,109,054	 128,338,364	 1	
1	 TGMCBA-146O14	 136,320,261	 136,484,766	 1	
1	 CH261-9B17	 137,796,422	 138,001,016	 1	
1	 CH261-168O17	 144,561,115	 144,807,137	 1	
1	 CH261-83O13	 149,854,217	 150,093,874	 1	
1	 CH261-107E2	 159,438,366	 159,667,425	 1	
1	 CH261-58K12	 170,413,895	 170,616,548	 1	
1	 CH261-184E5	 176,515,781	 176,749,790	 1	
1	 CH261-98G4	 193,759,470	 193,942,338	 1	
2	 CH261-192C19	 173,423	 349,921	 2	
2	 CH261-169N6	 5,647,981	 5,843,562	 2	
2	 CH261-172N3	 13,675,655	 13,823,925	 2	
2	 CH261-177K1	 23,905,092	 24,148,670	 2	
2	 CH261-186J5	 31,688,248	 31,916,077	 2	
2	 CH261-40G6	 33,678,681	 33,866,544	 2	
2	 CH261-50C15	 36,314,195	 36,549,331	 2	
2	 TGMCBA-340P4	 42,461,146	 42,616,308	 2	
2	 CH260-1M4	 63,744,914	 63,946,548	 2	
2	 TGMCBA-78C11	 81,476,525	 81,602,766	 2	
2	 CH261-169E4	 86,072,127	 86,301,386	 2	
2	 CH261-1J20	 95,371,258	 95,606,649	 2	
2	 CH261-44D16	 101,725,243	 101,930,318	 2	
2	 CH261-44H14	 110,741,710	 110,947,426	 2	
3	 CH261-115J5	 1,540,042	 1,722,678	 3	
3	 CH261-18I9	 3,676,313	 3,794,600	 3	
3	 TGMCBA-295P5	 9,545,415	 9,664,441	 3	
3	 CH261-130M12	 15,313,919	 15,479,372	 3	
3	 CH261-160I6	 19,952,734	 20,180,816	 3	
3	 CH261-97P20	 34,895,064	 35,131,528	 3	
3	 CH261-17B14	 60,023,468	 60,247,486	 3	
3	 TGMCBA-250J17	 71,111,183	 71,282,517	 3	
3	 CH261-169K18	 90,003,534	 90,144,106	 3	
3	 TGMCBA-64D9	 98,414,246	 98,535,331	 3	
3	 CH261-120H23	 108,368,313	 108,549,014	 3	
4	 TGMCBA-104H6	 3,490,482	 3,701,988	 4	
4	 CH261-93H1	 9,640,680	 9,856,611	 4	
4	 CH261-18C6	 22,788,584	 23,041,430	 4	
4	 CH261-85H10	 31,613,037	 31,858,379	 4	
4	 CH261-89P6	 40,544,253	 40,685,944	 4	






CLI	Chrom	 BAC	Name	 CLI	Start	Position	 CLI	End	Position	 GGA	Homolog	
4A	 TGMCBA-200G5	 490,480	 635,804	 4p	
4A	 CH261-111A15	 1,360,305	 1,582,612	 4p	
4A	 TGMCBA-220A5	 5,648,252	 5,796,609	 4p	
4A	 TGMCBA-280M7	 9,036,323	 9,177,873	 4p	
4A	 TGMCBA-330J11	 12,812,354	 12,944,510	 4p	
4A	 CH261-83E1	 13,392,588	 13,564,675	 4p	
4A	 CH261-71L6	 13,450,684	 13,638,480	 4p	
5	 TGMCBA-145C6	 1,710,548	 1,859,041	 5	
5	 CH261-49B22	 5,927,861	 6,121,261	 5	
5	 CH261-122F8	 10,171,952	 10,342,381	 5	
5	 CH261-78F13	 24,604,583	 24,791,602	 5	
5	 CH261-161B22	 46,225,996	 46,384,725	 5	
5	 TGMCBA-24C1	 46,604,285	 46,755,808	 5	
6	 CH261-56K7	 4,013,225	 4,174,879	 7	
6	 TGMCBA-34L13	 8,331,372	 8,435,629	 7	
6	 CH261-112D24	 8,397,152	 8,564,543	 7	
6	 TGMCBA-224O13	 13,534,346	 13,575,713	 7	
6	 CH261-180H18	 20,168,959	 20,402,201	 7	
6	 CH261-186K14	 25,773,892	 25,950,076	 7	
7	 CH261-94G14	 3,400,195	 3,584,009	 6	
7	 TGMCBA-382J4	 7,624,890	 7,762,444	 6	
7	 CH261-67H5	 17,053,102	 17,302,575	 6	
7	 CH261-49F3	 17,589,591	 17,702,311	 6	
8	 CH261-34H16	 4,376,843	 4,571,727	 8	
8	 CH261-69H1	 13,068,255	 13,268,303	 8	
8	 CH261-107D8	 13,630,315	 13,855,214	 8	
8	 TGMCBA-208D17	 19,420,087	 19,627,402	 8	
8	 CH261-96D24	 20,458,664	 20,651,954	 8	
8	 TGMCBA-252A4	 25,168,874	 25,296,956	 8	
9	 CH261-187M16	 7,035,104	 7,223,504	 9	
9	 CH261-95N3	 14,005,701	 14,199,366	 9	
9	 CH261-183N19	 21,568,422	 21,743,024	 9	
10	 CH261-71G18	 10,392,190	 10,610,577	 10	
10	 CH261-115G24	 15,122,158	 15,334,323	 10	
11	 CH261-154H1	 8,213,836	 8,429,006	 11	
11	 TGMCBA-192A10	 12,753,590	 12,871,235	 11	
11	 CH261-121N21	 13,587,290	 13,829,922	 11	
11	 CH261-138H13	 15,068,803	 15,249,380	 11	
12	 TGMCBA-305E19	 422,066	 600,021	 12	
12	 CH261-4M5	 5,426,227	 5,618,549	 12	
12	 TGMCBA-342P15	 6,330,361	 6,471,420	 12	
12	 CH261-95H20	 6,933,184	 7,154,139	 12	
12	 CH261-90N18	 10,856,889	 11,015,439	 12	
12	 CH261-60P3	 11,734,413	 11,876,407	 12	
13	 TGMCBA-266O5	 5,276,001	 5,446,961	 13	
13	 TGMCBA-321B13	 10,471,364	 10,621,097	 13	
13	 CH261-59M8	 11,909,002	 12,109,283	 13	
13	 CH261-115I12	 11,973,595	 12,167,816	 13	
14	 CH261-69D20	 5,467,792	 5,655,151	 14	
14	 TGMCBA-205N19	 12,402,979	 12,547,940	 14	
14	 CH261-122H14	 12,614,373	 12,812,489	 14	






CLI	Chrom	 BAC	Name	 CLI	Start	Position	 CLI	End	Position	 GGA	Homolog	
15	 CH261-90P23	 238,561	 423,949	 15	
15	 CH261-48M1	 1,225,404	 1,409,289	 15	
15	 CH261-40D6	 11,465,150	 11,658,292	 15	
15	 TGMCBA-266G23	 12,272,126	 12,426,987	 15	
17	 TGMCBA-185B22	 312,641	 414,140	 17	
17	 TGMCBA-67H23	 1,411,836	 1,532,268	 17	
17	 TGMCBA-375I5	 3,223,829	 3,353,117	 17	
17	 CH261-113A7	 7,979,387	 8,126,436	 17	
17	 TGMCBA-197G19	 8,378,667	 8,559,970	 17	
17	 CH261-42P16	 8,694,779	 8,866,801	 17	
20	 TGMCBA-250E3	 730,827	 879,685	 20	
20	 TGMCBA-341F20	 1,945,983	 2,073,663	 20	
20	 TGMCBA-225I12	 4,255,164	 4,412,511	 20	
18	 CH261-72B18	 4,545,824	 4,718,147	 18	
18	 CH261-118D24	 6,007,607	 6,178,052	 18	
19	 TGMCBA-84A3	 2,440,374	 2,564,988	 19	
19	 CH261-50H12	 2,936,830	 3,088,242	 19	
19	 TGMCBA-356O18	 6,637,725	 6,785,311	 19	
19	 TGMCBA-307H9	 7,221,622	 7,338,338	 19	
19	 CH261-10F1	 7,752,151	 7,892,680	 19	
24	 CH261-103F4	 1,101,545	 1,253,496	 24	
24	 TGMCBA-111K1	 1,818,895	 1,959,659	 24	
24	 CH261-65O4	 2,805,683	 2,957,241	 24	
24	 TGMCBA-82A15	 5,129,435	 5,389,869	 24	
21	 CH261-83I20	 2,018,298	 2,212,146	 21	
21	 CH261-122K8	 3,544,023	 3,725,136	 21	
23	 CH261-191G17	 43,769	 245,643	 23	
23	 CH261-105P1	 3,723,223	 3,907,962	 23	
23	 CH261-49G9	 4,046,994	 4,268,615	 23	
23	 CH261-90K11	 4,819,211	 4,981,476	 23	
27	 TGMCBA-23C5	 1,256,046	 1,414,598	 27	
27	 CH261-66M16	 3,044,636	 3,220,773	 27	
27	 CH261-28L10	 3,422,500	 3,638,617	 27	
27	 TGMCBA-324P4	 4,742,254	 4,839,372	 27	
22	 CH261-40J9	 2,864,743	 3,043,053	 22	
22	 CH261-18G17	 3,282,539	 3,497,361	 22	
22	 TGMCBA-113N13	 3,291,901	 3,451,771	 22	
26	 CH261-170L23	 1,786,864	 1,981,437	 26	
26	 TGMCBA-297G21	 2,350,596	 2,459,583	 26	
26	 TGMCBA-332G15	 2,610,752	 2,686,442	 26	
26	 TGMCBA-97D20	 2,866,387	 2,951,800	 26	
28	 CH261-64A15	 317,591	 487,671	 28	
25	 TGMCBA-65M1	 322,016	 549,575	 25	
25	 CH261-59C21	 552,119	 696,008	 25	
25	 CH261-127K7	 594,734	 707,995	 25	
Z	 CH261-129A16	 7,630,958	 7,856,832	 Z	
Z	 TGMCBA-200J22	 12,806,452	 12,986,657	 Z	
Z	 TGMCBA-270I9	 18,018,657	 18,175,405	 Z	







FPE	Chrom	 BAC	Name	 FPE	Start	Position	 FPE	End	Position	 GGA	Homolog	
1	 CH261-179F2	 1,769,902	 1,939,111	 6	
1	 TGMCBA-382J4	 12,951,026	 13,088,580	 6	
1	 CH261-94G14	 14,968,854	 15,152,668	 6	
1	 CH261-49F3	 29,207,285	 29,320,005	 6	
1	 CH261-165L8	 29,411,174	 29,606,901	 6	
1	 CH261-67H5	 29,607,021	 29,856,494	 6	
1	 TGMCBA-375I5	 43,808,073	 43,937,361	 17	
1	 TGMCBA-67H23	 45,628,922	 45,749,354	 17	
1	 TGMCBA-185B22	 46,747,050	 46,848,549	 17	
1	 CH261-113A7	 50,886,316	 51,033,365	 17	
1	 TGMCBA-197G19	 51,285,596	 51,466,899	 17	
1	 CH261-42P16	 51,601,708	 51,773,730	 17	
1	 CH261-69M11	 51,870,473	 52,039,486	 17	
1	 CH261-78F13	 54,125,925	 54,312,944	 5	
1	 CH261-2I23	 75,843,902	 76,011,796	 5	
1	 TGMCBA-24C1	 99,258,695	 99,410,218	 5	
1	 CH261-161B22	 99,629,778	 99,788,507	 5	
1	 CH261-115G24	 111,013,651	 111,225,816	 10	
1	 CH261-71G18	 115,737,397	 115,955,784	 10	
1	 CH261-118E15	 116,642,169	 116,826,602	 10	
1	 TGMCBA-310P11	 118,627,420	 118,800,758	 10	
1	 TGMCBA-48L18	 124,613,053	 124,746,909	 10	
2	 CH261-18C6	 3,828,519	 4,081,365	 4	
2	 CH261-93H1	 10,226,917	 10,442,848	 4	
2	 CH261-89P6	 30,373,516	 30,515,207	 4	
2	 CH261-185L11	 37,310,737	 37,576,536	 4	
2	 TGMCBA-104H6	 41,155,714	 41,367,220	 4	
2	 CH261-85H10	 51,935,828	 52,181,170	 4	
2	 TGMCBA-216A16	 64,295,283	 64,449,126	 4	
2	 TGMCBA-266G23	 76,025,372	 76,180,233	 15	
2	 CH261-40D6	 76,794,067	 76,987,209	 15	
2	 CH261-90P23	 81,620,770	 81,806,158	 15	
2	 CH261-48M1	 82,607,613	 82,791,498	 15	
2	 TGMCBA-231D20	 82,729,435	 82,933,618	 15	
2	 CH261-10F1	 86,035,749	 86,176,278	 19	
2	 TGMCBA-307H9	 87,812,819	 87,929,535	 19	
2	 TGMCBA-356O18	 88,365,846	 88,513,432	 19	
2	 CH261-50H12	 92,062,915	 92,214,327	 19	
2	 TGMCBA-84A3	 92,586,169	 92,710,783	 19	
2	 CH261-118D24	 101,569,217	 101,739,662	 18	
2	 CH261-67N15	 104,750,634	 104,934,652	 18	
2	 TGMCBA-263I20	 105,080,854	 105,226,158	 18	
2	 CH261-72B18	 105,825,027	 105,997,350	 18	








FPE	Chrom	 BAC	Name	 FPE	Start	Position	 FPE	End	Position	 GGA	Homolog	
3	 CH261-17J16	 4,388,682	 4,569,835	 2	
3	 CH261-44H14	 19,351,414	 19,557,130	 2	
3	 CH261-44D16	 32,284,640	 32,489,715	 2	
3	 CH261-1J20	 38,608,309	 38,843,700	 2	
3	 CH261-169E4	 47,913,572	 48,142,831	 2	
3	 TGMCBA-78C11	 52,612,192	 52,738,433	 2	
3	 TGMCBA-340P4	 81,395,866	 81,551,028	 2	
3	 CH261-10A18	 84,877,903	 85,078,588	 21	
3	 CH261-83I20	 86,889,512	 87,083,360	 21	
3	 CH261-122K8	 89,299,995	 89,481,108	 21	
3	 TGMCBA-134A8	 91,212,071	 91,368,030	 21	
3	 TGMCBA-272G9	 93,173,632	 93,373,543	 23	
3	 CH261-49G9	 93,208,304	 93,429,925	 23	
3	 TGMCBA-48O8	 93,738,766	 93,864,280	 23	
3	 CH261-90K11	 93,980,521	 94,142,786	 23	
3	 CH261-191G17	 95,510,529	 95,711,325	 23	
3	 TGMCBA-173N15	 96,820,938	 96,956,342	 23	
4	 TGMCBA-146O14	 2,652,611	 2,817,116	 1	
4	 CH261-118M1	 9,832,849	 10,062,159	 1	
4	 CH261-29N14	 31,068,771	 31,265,450	 1	
4	 TGMCBA-204O4	 45,366,528	 45,541,247	 1	
4	 CH261-9B17	 51,496,123	 51,700,717	 1	
4	 CH261-168O17	 60,605,379	 60,851,401	 1	
4	 CH261-83O13	 65,898,481	 66,138,138	 1	
4	 CH261-107E2	 75,482,630	 75,711,689	 1	
4	 CH261-58K12	 86,458,159	 86,660,812	 1	
4	 CH261-184E5	 92,560,045	 92,794,054	 1	
4	 CH261-98G4	 109,803,734	 109,986,602	 1	
5	 CH261-123O22	 591,762	 769,808	 2	
5	 CH261-50C15	 4,266,071	 4,501,207	 2	
5	 CH261-40G6	 14,443,305	 14,631,168	 2	
5	 CH261-186J5	 23,070,569	 23,298,398	 2	
5	 CH261-177K1	 28,445,531	 28,689,109	 2	
5	 CH261-172N3	 38,770,276	 38,918,546	 2	
5	 CH261-169N6	 46,750,639	 46,946,220	 2	
5	 CH261-192C19	 52,636,360	 52,812,858	 2	
5	 CH261-64A15	 53,490,343	 53,660,423	 28	
5	 CH261-186C5	 53,495,773	 53,631,229	 28	
5	 TGMCBA-37M13	 54,432,484	 54,687,626	 28	
5	 TGMCBA-231J13	 55,185,524	 55,260,375	 28	
5	 CH261-101C8	 58,059,907	 58,254,681	 28	
5	 CH261-72A10	 58,102,614	 58,312,770	 28	
5	 TGMCBA-205N19	 63,302,288	 63,447,249	 14	
5	 CH261-122H14	 63,513,682	 63,711,798	 14	
5	 CH261-49P24	 65,112,929	 65,276,887	 14	
5	 CH261-69D20	 73,293,730	 73,481,089	 14	
5	 CH261-4M5	 82,319,299	 82,511,621	 12	
5	 TGMCBA-342P15	 83,223,433	 83,364,492	 12	
5	 CH261-95H20	 83,826,256	 84,047,211	 12	
5	 CH261-60P3	 88,627,485	 88,769,479	 12	







FPE	Chrom	 BAC	Name	 FPE	Start	Position	 FPE	End	Position	 GGA	Homolog	
6	 CH261-89G23	 10,446,498	 10,683,448	 1	
6	 CH261-119K2	 19,696,979	 19,933,295	 1	
6	 CH261-120J2	 24,096,835	 24,330,448	 1	
6	 TGMCBA-206D5	 41,056,811	 41,204,932	 1	
6	 CH261-25P18	 46,942,920	 47,185,564	 1	
6	 CH261-36B5	 55,034,817	 55,242,420	 1	
7	 TGMCBA-295P5	 1,289,154	 1,408,180	 3	
7	 CH261-97P20	 9,963,097	 10,199,561	 3	
7	 CH261-120H23	 14,528,321	 14,709,022	 3	
7	 CH261-17B14	 25,651,084	 25,875,102	 3	
7	 TGMCBA-64D9	 54,631,818	 54,752,903	 3	
7	 CH261-169K18	 63,023,043	 63,163,615	 3	
7	 TGMCBA-250J17	 81,884,632	 82,055,966	 3	
8	 TGMCBA-224O13	 1,132,822	 1,279,373	 7	
8	 TGMCBA-34L13	 4,189,270	 4,293,527	 7	
8	 CH261-112D24	 4,255,050	 4,422,441	 7	
8	 CH261-56K7	 10,218,588	 10,380,242	 7	
8	 CH261-180H18	 21,999,669	 22,232,911	 7	
8	 CH261-186K14	 27,604,602	 27,780,786	 7	
8	 TGMCBA-356H21	 29,616,579	 29,737,495	 7	
8	 CH261-38E18	 40,553,271	 40,744,381	 7	
8	 TGMCBA-266O5	 47,410,005	 47,580,965	 13	
8	 CH261-115I12	 56,156,247	 56,350,468	 13	
8	 CH261-59M8	 56,214,780	 56,415,061	 13	
8	 TGMCBA-321B13	 57,702,966	 57,852,699	 13	
9	 CH261-122F8	 7,933,610	 8,104,039	 5	
9	 CH261-49B22	 12,292,562	 12,485,962	 5	
9	 TGMCBA-145C6	 15,594,186	 15,742,679	 5	
9	 TGMCBA-341F20	 20,743,260	 20,870,940	 20	
9	 TGMCBA-225I12	 23,052,441	 23,209,788	 20	
9	 TGMCBA-250E3	 35,510,107	 35,658,965	 20	
10	 TGMCBA-346F6	 880,293	 1,052,657	 8	
10	 CH261-96D24	 5,534,165	 5,727,455	 8	
10	 TGMCBA-208D17	 6,558,717	 6,766,032	 8	
10	 TGMCBA-252A4	 15,226,860	 15,354,942	 8	
10	 CH261-34H16	 19,447,695	 19,642,579	 8	
11	 CH261-115J5	 2,052,095	 2,234,731	 3	
11	 CH261-18I9	 4,859,089	 5,081,522	 3	
11	 CH261-160I6	 18,681,358	 18,909,440	 3	
11	 CH261-130M12	 23,382,802	 23,548,255	 3	
12	 CH261-183N19	 2,407,945	 2,582,547	 9	
12	 TGMCBA-150E19	 6,231,531	 6,390,404	 9	
12	 CH261-95N3	 12,584,968	 12,778,633	 9	
12	 CH261-187M16	 15,855,972	 16,044,372	 9	
12	 TGMCBA-321L6	 18,422,783	 18,593,906	 9	
12	 TGMCBA-217A3	 23,665,643	 23,931,449	 9	









FPE	Chrom	 BAC	Name	 FPE	Start	Position	 FPE	End	Position	 GGA	Homolog	
13	 TGMCBA-220A5	 984,589	 1,132,946	 4	
13	 CH261-111A15	 5,198,586	 5,420,893	 4	
13	 TGMCBA-330J11	 13,848,705	 13,980,861	 4	
13	 CH261-83E1	 14,428,939	 14,601,026	 4	
13	 CH261-71L6	 14,487,035	 14,674,831	 4	
13	 TGMCBA-280M7	 18,550,043	 18,691,593	 4	
13	 CH261-183B15	 23,358,556	 23,557,443	 4	
14	 CH261-154H1	 6,359,240	 6,574,410	 11	
14	 CH261-138H13	 12,944,748	 13,125,325	 11	
14	 CH261-121N21	 14,364,206	 14,606,838	 11	
14	 TGMCBA-192A10	 21,608,634	 21,726,279	 11	
15	 CH261-154H17	 688,846	 886,426	 24	
15	 TGMCBA-82A15	 1,426,889	 1,687,323	 24	
15	 CH261-65O4	 2,235,455	 2,387,013	 24	
15	 TGMCBA-111K1	 5,836,178	 5,976,942	 24	
15	 CH261-103F4	 6,542,341	 6,694,292	 24	
16	 TGMCBA-332G15	 1,025,611	 1,101,301	 26	
16	 TGMCBA-297G21	 1,252,470	 1,361,457	 26	
16	 CH261-186M13	 1,316,933	 1,493,593	 26	
16	 TGMCBA-97D20	 2,508,432	 2,593,845	 26	
16	 CH261-170L23	 4,735,265	 4,929,838	 26	
17	 CH261-18G17	 1,055,179	 1,270,001	 22	
17	 TGMCBA-113N13	 1,100,769	 1,260,639	 22	
17	 CH261-40J9	 1,509,487	 1,687,797	 22	
17	 TGMCBA-151I22	 4,174,379	 4,345,795	 22	
18	 TGMCBA-324P4	 1,010,187	 1,107,305	 27	
18	 TGMCBA-23C5	 1,859,124	 2,017,676	 27	
18	 CH261-66M16	 2,792,864	 2,969,001	 27	
18	 CH261-28L10	 3,170,728	 3,386,845	 27	
18	 CH261-100E5	 3,386,940	 3,551,666	 27	
Z	 CH261-129A16	 16,110,876	 16,336,750	 Z	
Z	 TGMCBA-200J22	 21,286,370	 21,466,575	 Z	
Z	 CH261-133M4	 24,519,647	 24,711,866	 Z	
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Figure	S	7:	 Intrachromosomal	 rearrangements	 identified	that	occurred	 from	SAA19	to	GGAZ	(the	grey	 triangles	
represent	inversions).	
SAA19	– GGAZ
392 395 -384	to	-390-393	to	-394 391-372	to	-379 380	to	383 396	to	397
392 395-384	to	-390 -393	to	-394391-372	to	-379 380	to	383 396	to	397
392395-384	to	-390 -393	to	-394391 -372	to	-379380	to	383 396	to	397
392 395-393	to	-394-384	to	-390391-372	to	-379 380	to	383 396	to	397
395392 -393	to	-394-372	to	-379 -384	to	-390 391380	to	383 396	to	397
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Abstract Avian genome organisation is characterised,
in part, by a set of microchromosomes that are unusually
small in size and unusually large in number. Although
containing about a quarter of the genome, they contain
around half the genes and three quarters of the total
chromosome number. Nonetheless, they continue to
belie analysis by cytogenetic means. Chromosomal re-
arrangements play a key role in genome evolution,
fertility and genetic disease and thus tools for analysis
of the microchromosomes are essential to analyse such
phenomena in birds. Here, we report the development of
chicken microchromosomal paint pools, generation of
pairs of specific microchromosome BAC clones in
chicken, and computational tools for in silico compari-
son of the genomes of microchromosomes. We demon-
strate the use of these molecular and computational tools
across species, suggesting their use to generate a clear
picture of microchromosomal rearrangements between
avian species. With increasing numbers of avian
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Introduction
Avian genome organisation is relatively unique in nature
and characterised by a small overall size (The
International Chicken Genome Sequencing Consortium
2004; McQueen et al. 1998; Smith et al. 2000;
Habermann et al. 2001) and a highly distinctive karyo-
type (Christidis 1990; Masabanda et al. 2004; Griffin
et al. 2007). The most striking feature is a series of
microchromosomes that are both unusually small in size
and unusually large in number. This represents a partic-
ular challenge to the chromosome biologist when trying
to classify each chromosome and any differences that
might exist between individuals, strains or species.
Being GC-rich and gene-dense, microchromosomes
account for 23 % of the genome, 48 % of the genes
(McQueen et al. 1998; Smith et al. 2000; Habermann
et al. 2001; Burt 2002) and three quarters of the total
chromosome number but belie analysis by classical
cytogenetic means. Microchromosome number and
structure also appear to be highly conserved (Griffin
et al. 2008; Skinner et al. 2009; Völker et al. 2010) with
large-scale interchromosomal rearrangements apparent
in only around one third of species. Intrachromosomally,
analysis by molecular cytogenetics is impeded by the
small size of each chromosome.
Masabanda et al. (2004) reported the generation of
individual microchromosomal paints generated by mi-
crodissection and amplif ication of single
microchromosomes from chicken (Gallus gallus). This
remains, to date, the only complete definition of any
avian karyotype and, despite working well within chick-
en, the chromosome paints were of limited utility cross-
species, working successfully only on turkey (Griffin
et al. 2008 and our unpublished data). Moreover,
attempts to re-amplify and clone these paints have met
with little or no success, and the paints have degraded
over time (unpublished data). With the benefit of hind-
sight, this has been particularly disappointing since there
are still virtually no physical or bioinformatic genomic
resources pertaining to the very smallest of the
microchromosomes (29-38, termed the “D group”).
The generation of chicken chromosome paints and
bacterial artificial chromosome (BACs; for chromosomes
1-28 plus Z and W) has allowed both detailed definition
of the chicken karyotype (Griffin et al. 1999; Habermann
et al. 2001; Masabanda et al. 2004) and extensive com-
parative genomics (e.g. Shetty et al. 1999; Raudsepp
et al. 2002; Shibusawa et al. 2002; Itoh and Arnold
2005; Griffin et al. 2007; Nanda et al. 2007, 2011;
Nishida et al. 2008, 2013; Kasai et al. 2012a).
Chromosome paints for the macrochromosomes have
worked successfully in numerous avian species (includ-
ing emu, parrots and falcons) and even in some reptiles
(including a turtle, the red ear slider and the Nile croco-
dile) (Kasai et al. 2012a). Conversely, the use of
microchromosomal paints has been restricted to just a
few species (Griffin et al. 1999; Shetty et al. 1999;
Nishida et al. 2008, 2013; Hansmann et al. 2009; Nie
et al. 2009; Nanda et al. 2011), due in part to interpreta-
tion often being complicated by the presence of more
than one microchromosome recognized by each paint.
Cross-species BAC mapping has met with even less
success. For instance, chicken BACs used on turkey
(Meleagris gallopavo) appear to work with approx-
imately 70 % success (Griffin et al. 2008), which
reduces to less than 40 % on Pekin duck (Anas
platyrhynchos) chromosomes (Skinner et al. 2009)
and little success at all beyond the Galloanserae
(unpublished results). Studies on zebra finch
(Taeniopygia guttata) have taken chicken BACs ap-
plied to chicken chromosomes, then isolated BACs con-
taining homologous sequences in zebra finch to create
comparative maps (Völker et al. 2010). This general
approach however relies on the existence of a well-
defined BAC library and whole genome assembly of the
species of interest (as it is for chicken).
Analysis of intrachromosomal rearrangements in the
microchromosomes is more limited still. Indeed, we are
not aware of any detailed cross-species analyses of
microchromosomes between birds other than that of
Rao et al. who assembled radiation hybrid maps in duck
and thereby created a duck genome assembly from
which comparative genomics to chicken could be per-
formed (Rao et al. 2012). We have previously reported
the use of GenAlyser on chicken, turkey and zebra finch
macrochromosomes, describing intrachromosomal rear-
rangements that were also confirmed by FISH (Völker
et al. 2010; Skinner and Griffin 2012). To date, however,
such analyses have not been extended to the
microchromosomes.
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Analysis of the microchromosomes and thus investi-
gations on the inter- and intrachromosomal relationships
between individuals, species and strains is therefore
impeded by a lack of adequate tools. The purpose of
this study was to make a significant advance in the
development and use of such tools from both in silico
and lab-based perspectives. We produced a panel of
microchromosomal paints and BACs that work reliably
across species. In addition, we present new data on the
comparative genomics of microchromosomes in three
species for which fully assembled genomes exist.
Materials and methods
Cell culture and chromosome preparation
Chromosome preparations weremade from cultured fibro-
blasts derived from5- to 7-day-old embryos from fertilized
eggs (chicken, duck and budgerigar), or muscle biopsy
fibroblasts (Gyrfalcon and Houbara) following collage-
nase treatment. Lymphocyte cultures were established for
zebra finch following separation of white blood cells over
a Histopaque-1077 (Sigma) gradient; cells were cultured
for 72 h in RPMI with 10 % chicken serum, pen/strep, L-
glutamine and concanavalin A (100 μg/ml). Chromosome
preparation followed standard protocols (Griffin et al.
1999; Ahlroth 2000). Mitostatic treatment with colcemid
at a final concentration of 0.1 μg/ml for 1 h at 37 °C,
hypotonic treatment with 75 mMKCl for 15 min at 37 °C
and fixation with 3:1 methanol:acetic acid.
Karyotyping and analysis
Metaphases were stained with a combination of DAPI
(1.5 μg/ml) and propidium iodide (PI, 0.6 μg/ml) in
Vectashield antifade medium (Vector labs USA). Image
capture involved an Olympus BX61 epifluorescence
microscope with cooled CCD camera and SmartCapture
(Digital Scientific) capture system; SmartType (Digital
Scientific UK) was used for karyotyping purposes.
Selection and preparation of chicken BAC clones
BAC clones (ranging in size between 150,000 and
210,000 kb) were selected near the ends of each
microchromosome from the CHORI-261 Chicken BAC
library. BAC clones were generated bymini prep (Qiagen)
then directly labelled by nick translation with FITC or
Cy3.5. Alternatively BAC clones were generated by mini
prep (Qiagen) then directly labelled by patent-protected in-
house technologies (Cytocell ltd) with FITC or Texas Red.
Labelled BACs were transferred to an Octochrome device
(eight chromosomes per slide) marketed by Cytocell lim-
ited (www.cytocell.com) using air-drying.
Generation of chromosome paints
Microchromosomes were flow-sorted into nine pools
(eight pools used in this study) by fluorescence-activated
chromosome sorting at the Cambridge Resource Centre
for Comparative Genomics (Cambridge Veterinary
School, University of Cambridge, UK) as previously
described (Griffin et al. 1999; Masabanda et al. 2004;
Kasai et al. 2012b). Microchromosome paints were am-
plified byDOP-PCR (Telenius et al. 1992) and labelled by
a secondary round of DOP-PCR incorporating FITC or
Texas red.
FISH, dual FISH, microscopy, capture
Fluorescent in situ hybridization (FISH) slides with meta-
phase preparations were aged for 1 h at room temperature.
BACs and/or chromosome paints directly labelled with
FITC, TR or CY3.5 were applied to the metaphase prep-
arations and sealed under a cover slip before simultaneous
denaturation of probe and target DNA for 2 min on a
75 °C hotplate. Hybridization was carried out in a humid-
ified chamber for 24–72 h at 37 °C. Following post-
hybridization washes (2 min in 0.4× SSC at 72 °C; 30 s
in 2× SSC/0.05 % Tween 20 at RT), slides were counter-
stained using Vectashield antifade medium with DAPI
(Vector Labs, USA). Dual-colour FISH was achieved by
simultaneous hybridization of FITC and TR or Cy3.5
labelled probes. Slides were analysed on an Olympus
BX-61 epifluorescence microscope equipped with a
cooled CCD camera and appropriate filters. Images were
captured using SmartCapture 3 (Digital Scientific UK).
GenAlyser analysis of chicken, turkey and zebra finch
To visualise large-scale intrachromosomal rearrange-
ments, we aligned whole-chromosome sequences of
chicken microchromosomes 11–28 and their turkey
and zebra finch orthologs using the program
GenAlyzer (Choudhuri et al. 2004) with default settings.
The chicken–zebra finch alignments were already avail-
able from our previous study (Völker et al. 2010).
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Subsequently, to aid visualization, the GenAlyzer output
matches (of 100+ base pairs) were combined into con-
tiguous blocks using a custom script. This script com-
bined direct or inverted matches where there was a
consecutive run of at least five matches. If a distance
of 40 kb occurred with no matches, a new block was
called. Blocks of at least 250 kb were plotted, to remove
spurious matches caused by repetitive content and to
focus on the larger rearrangements. The chromosomes
were manually segmented based on these charts, and the
Fig. 1 DAPI (pseudo coloured
black/white) and propidium
iodide (red) stained metaphase
chromosomes for a chicken
(GGA), b duck (APL), c houbara
(CUN), d goose (AC), e gyrfalcon
(FRU), f budgerigar (MUN) and g
zebra finch (TGU). Scale bar
10 μm
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segments numbered and ordered relative to turkey. The
Multiple Genomes Rearrangement tool on the GRIMM
web server (http://grimm.ucsd.edu/MGR/) (Bourque and
Pevzner 2002) was used to calculate optimal rearrange-
ment pathways between each species, and to reconstruct
a likely potential chicken–turkey ancestor, in the manner
of Mlynarski et al. (2010). The series of possible rear-
rangements from the chicken–turkey ancestor to each
species was considered, and for each rearrangement, the
segment ends flanking the breakpoints were noted.
Within each lineage, the number of times a segment
end was involved in a rearrangement was counted.
Results
Karyotyping
Chromosome preparation and DAPI and PI staining of
metaphase chromosomes was successful in a number of
avian species (chicken—GGA, duck—APL, houbara—
CUN, goose—AC, gyrfalcon—FRU, budgerigar—
MUN and zebra finch—TGU) (Fig. 1). We took the
decision to visualise PI as “red on black” and DAPI as
“black on white” then merged the images. These
seemed to give the most distinct pictures (presumably
due to the preferential recognition of the AT-rich and
GC-rich regions in the two dyes) and limited banding
information is even apparent in some preparations
(Fig. 1a, b, e).
Microchromosome FISH
To allow detai led evaluation of chicken
microchromosomes, BACs located at the subtelomeric
regions of the p and q arms of chromosomes 10–28were
selected (supplementary Table 1). Co-hybridisation of p
and q arm BACs to the same microchromosomes on
chicken metaphase preparations allowed confirmation
of the location of the BAC clones (Fig. 2). Bright,
Fig. 2 Example of dual FISH results for BACs to
microchromosome arms p (FITC) and q (Cy3.5) to confirm correct
mapping a microchromosome 10 p arm (CH261-94C12) and q
arm (CH261-118E15), c microchromosome 19 p arm (CH261-
167A1) and q arm (CH261-189E4), cmicrochromosome 24 p arm
(CH261-90H16) and q arm (CH261-154H17) and d
microchromosome 28 p arm (CH261-16I3) and q arm (CH261-
179 N23) on chicken (GGA) chromosomes. Arrows highlight
co-localisation of the BACs. Scale bar 10 μm
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specific BAC signals on all chromosomes 11–28 were
apparent and the Octochrome device (Cytocell) allowed
fast, efficient hybridization on metaphases of chicken
and other species.
Nine pools of microchromosomal paints, mostly
representing more than one chromosome, were success-
fully generated usingmaterial produced from flow-sorted
chicken microchromosomes Kasia et al (2012b) (eight
were used in this study). Following fluorescent labelling,
the microchromosome pools were applied across a num-
ber of species. When hybridised onto chicken metaphase
chromosomes, the microchromosome pools (R1-R8)
contained between one and five primary signals with
between two and eight additional dim signals (Table 1,
Fig. 3). Thereafter, assignment of the microchromosome
paints to specific chromosomes was achieved by dual
FISHwith BACs to the q arm of each microchromosome
(Fig. 3). Table 1 summarises the assignment of the
microchromosome pools (R1–R8) to specific
microchromosomes. Dual FISH confirmed that R1 and
R2 or R5 hybridise to the same microchromosomes but
with differing intensities, R2 and R5 hybridised to the
same microchromosomes with very similar intensity by
visual inspection (supplementary Fig. 1).
Cross-species FISH was performed using the
microchromosome paints on zebra finch, gyrfalcon,
budgerigar and houbara metaphase chromosomes
(Fig. 4, supplementary Fig. 2, Table 2). FISH also
revealed chromosomes from gyrfalcon and budgerigar
where the microchromosome paint (R1, R4 or R6)
labelled the end of macrochromosomes indicating evo-
lutionary fusion events (Fig. 5). Additionally, paint R2
decorated a single entire chromosomes in budgerigar
suggesting a fusion of the homologues of chicken chro-
mosomes 10 and 12.
To extend the evaluation of microchromosomes
across species, FISH was also performed using the
microchromosome BACs on zebra finch, gyrfalcon,
Table 1 Assignment of microchromosomes to microchromosome pools (R1–R8)
BAC/Paint R1 R2 R3 R4 R5 R6 R7 R8
10 + +++ − − +++ − − −
11 +++ + − − ++ − − −
12 + +++ − − +++ − − −
13 − − +++ ++ − − − −
14 − − − +++ − − − −
15 − − − + − − − −
16 − − − − − − − −
17 − − − − − +++ − −
18 − − − − − +++ − −
19 − − − − − +++ − −
20 − − − + − − − −
21 − − − − − − − −
22 − − − − − − − −
23 − − − − − − − −
24 − − − − − − − −
25 − − − − − − + −
26 − − − − − − − −
27 − − − − − − + −
28 − − − − − − − +
Number of primary signals 1 2 1 2 2 3 5 3
Number of secondary signals 2–3 2–3 4 3–4 3–4 2–8 3 2–3
Co-localisation was examined by FISH of BACS to the q arm (list of clones’ supplementary table) of each microchromosome with
microchromosome paint pools. The number of “+” indicates the strength of signal observed for the microchromosome paint to which the
BAC probe is localised
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Fig. 3 Example of dual FISH
results. BAC for the q arm of
microchromosome 19 (CH261-
189E4) and microchromosome
paint pool aR1, bR2, cR3, dR4,
e R5, f R6, g R8, and h R9 on
chicken (GGA) chromosomes.
Arrows highlight co-localisation
of the BAC for
microchromosome 19 with
microchromosome paint pool R6.
Scale bar 10 μm
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budgerigar and houbara metaphase chromosomes.
Hybridisation was observed for some of the
microchromosomes from each species (supplementary
Table 2). For instance, hybridisation was observed
for BACs against microchromosome 23 (p and q
arms) when hybridised to zebra finch, gyrfalcon,
budgerigar and houbara metaphase chromosomes
(Fig. 6).
Fig. 4 Example of ZooFISH results. Microchromosome paint pool R6 on a chicken (GGA), b zebra finch (TGU), c gyrfalcon (FRU), d
budgerigar (MUN) and e houbara (CUN) metaphase chromosomes. Scale bar 10 μm
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Comparative analysis of chicken, turkey, zebra finch
microchromosomes using GenAlyzer and our own
in-house algorithm
The chicken–zebra finch–turkey alignments for the
macrochromosomes (1–10+Z) were already avail-
able from our previous studies (Völker et al. 2010;
Skinner and Griffin 2012), however further analysis
allowed construction of comparative maps in the
microchromosomes. A bioinformatic analysis of all
available microchromosomes (GGA11–28) for chicken,
turkey and zebra finch successfully produced compre-
hensive comparative maps using a previously developed
in-house algorithm (Skinner and Griffin 2012). An ex-
ample is given in Fig. 7 for orthologues of chicken
chromosome 18. In all analyses, no evidence of
intermicrochromosomal rearrangements was seen in
any of the three species, however numerous
intramicrochromosomal rearrangements were appar-
ent. In total, 38, 56 and 58 intrachromosomal rear-
rangements (all inversions) were detected in the
microchromosomes (GGA11-28) of chicken, turkey
and zebra finch, respectively. From direct-sequence
analysis of chicken, zebra finch and turkey genomes,
a total of 141 homologous synteny blocks (HSBs) were
identified ranging in size from 3.65 to 13,000 kb, with
mean andmedian sizes of 1,087 and 326 kb, respectively.
In chicken chromosomes 11–28, and their turkey and
zebra finch orthologs, 282 segment endswere identified,
of which 243 were involved in rearrangements. The
most parsimonious predicted pathways from the chick-
en–turkey ancestor suggested that 87 breakpoint regions
(35.8 %) recurred in different lineages, whereas 133
breakpoint regions (54.7 %) recurred in either the same
or different lineages.
Discussion
In this study, we demonstrate that the combination of
in silico and lab-based experimental approaches pro-
vides a powerful approach for the classification of
avian microchromosomes and for performing com-
parative genomics. In birds, comparative genomics
at the chromosomal scale has been limited mostly to
the macrochromosomes (Habermann et al. 2001;
Masabanda et al. 2004; Griffin et al. 2007, 2008;
Fillon et al. 2007; Skinner et al. 2009; Völker et al.
Table 2 Number of pairs of signals observed for microchromosome pools (R1–R6) in a number of avian species (chicken, zebra finch,
gyrfalcon, budgerigar, houbara)
Paint ID
R1 R2 R3 R4 R5 R6
Chicken 1 2 1 2 2 3
Zebra finch 1 2 1 2 2 3
Gyrfalcon 1 2 1 2 (1 fused to macro) 2 2 (1 fused to macro)
Budgerigar 1 (fused to macro) 2 1 2 (1 fused to macro) 2 2
Houbara 1 2 1 2 2 3
ZooFISH was performed with microchromosome paint pools (R1–R6). The number of pairs of strong signals observed is
recorded (for chicken this is the “primary” signal)
Fig. 5 Example of ZooFISH results highlighting fusion of
microchromosomes to macrochromosomes. a Microchromosome
paint pool R4 on gyrfalcon, bmicrochromosome paint pool R6 on
gyrfalcon, c microchromosome paint pool R1 on budgerigar, d
microchromosome paint pool R4 on budgerigar. Scale bar 10 μm
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2010); the tools and resources developed here will
provide a means of extending these studies to the
microchromosomes. We demonstrated that interchro-
mosomal studies using significantly improved FISH
tools work efficiently cross-species. Furthermore,
intrachromosomal studies, with rearrangements in
chicken, turkey and zebra finch were demonstrated
in an even more detailed level.
Current studies of avian cytogenetics and genomics
suggest that avian genomes remain remarkably conserved
in terms of chromosome number and that interchromo-
somal changes are relatively rare. When they occur, they
tend to recur with several examples of homoplasy (Griffin
et al 2007; Skinner and Griffin 2012). Cross-species
FISH is particularly useful in species where chromosome
rearrangement is commonplace, e.g. for characterising
interchromosomal rearrangements such as those seen in
the Falconinae and Psittaciformes (Nanda et al. 2007;
Nishida et al. 2008). Previous work has highlighted
macrochromosomal rearrangements and regions of
macrochromosomes without assignment, indicating the
fusion of microchromosomes (Nanda et al. 2007; Nishida
et al. 2008). This study reliably confirms for gyrfalcon
and budgerigar that microchromosomes are indeed fused
to macrochromosomes. Following the assignment of the
microchromosomes to the pools (R1–R8) using the BAC
clones, it is possible to infer that in the budgerigar the
orthologues of chicken microchromosomes 11 and 14 are
fused to macrochromosomes and in the gyrfalcon the
chicken orthologue of microchromosome 14 and one of
the microchromosomes 16, 17 or 18 are fused to
macrochromosomes. Further investigation is required to
confirm the identity of the macrochromosomes that are
involved.
Despite the interchromosomal stability of the
microchromosomes, we can detect evidence for many
Fig. 6 Example of cross-species dual FISH results for chicken
BACs to microchromosome 23 arms p (FITC, CH261-191G17)
and q (Cy3.5, CH261-9 K11) on a chicken (GGA), b falcon
(FRU), c budgerigar (MUN) and d Houbara (CUN). Arrows
highlight co-localisation of the BACs. Scale bar 10 μm
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Fig. 7 Comparative analysis of
chicken chromosome 18, turkey
chromosome 20, and zebra finch
chromosome 18 using output
from our in-house algorithm
based on Synteny Tracker
analysis. a Coloured arrows show
the division of the chromosomes
into segments oriented with
respect to turkey. b A predicted
series of inversions from Neoaves
common ancestor leading to
chicken chromosome 18, turkey
chromosome 20, and zebra finch
chromosome 18. Inverted
segments are indicated with
dotted arrows
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intrachromosomal rearrangements. This agrees with our
previous work on the macrochromosomes of the same
species (Völker et al. 2010; Skinner and Griffin 2012).
Here though, we suggest that about half of the
breakpoints recurred, with maybe one third of the
breakpoints recurring in different lineages—more exten-
sive than observed amongst the macrochromosomes
(36 and 10 %, respectively). Potentially, this can be
explained by the higher gene density and lower repeti-
tive content on the microchromosomes versus the
macrochromosomes: fewer substrates for non-allelic
recombination, and fewer places within the chromo-
some where breakpoints will not disrupt genes or regu-
latory elements.
We thus provide tools and proof of principle studied
for the generation of accurate cytogenetic maps in avian
microchromosomes, an essential prerequisite for further
analysis (Lewin et al. 2009). Molecular cytogenetic
tools are as relevant as they have ever been given that
next-generation sequencing (NGS) technologies, can
often lose mapping information when attempting to
generate de novo assemblies. For the foreseeable future,
sequence assemblies will require further information
from physical mapping data, and the probe sets such
as those generated here will help link sequence scaffolds
to whole chromosomes. Indeed, because there are
numerous avian genomes recently sequenced by NGS,
we can apply the tools developed here to study them
more closely at a chromosomal level. This will help
construct complete and reference-able genome assem-
blies for many of the ongoing avian vertebrate genome
projects. Without the link back to physical mapping
data, newly sequenced genomes will remain simply
catalogues of genes (at best, collections of scaffolds)
with limited reference to the overall genomic structure
and organisation.
Chromosomal mapping information is essential to
help define the functional role of whole chromosomes,
homologous synteny blocks (HSBs) and evolutionary
breakpoint regions (EBRs) in evolution, speciation and
phenotype.We know that chromosomal changes lead to,
or perpetuate, speciation (Rieseberg 2001; Noor et al.
2001; Delneri et al. 2003), however the use of cytoge-
netic genome maps generated by a combination of in
silico and lab-based tools will allow us to address the
underlying molecular reasons for specific chromosomal
rearrangements. In other words, it remains unclear if
certain chromosomal changes associatedwith speciation
arise because there is an adaptive value to a specific
chromosomal configuration or karyotype. We and others
have reported that chromosome breakpoints can be re-
used (Sankoff 1999; Stankiewicz and Lupski 2002;
Skinner and Griffin 2012). Indeed Larkin et al. (2009)
suggested different evolutionary pathways for HSBs,
and EBRs suggested that natural selection can preserve
blocks of genes (HSBs), thus maintaining evolutionary
advantageous processes through genome organisation
(Larkin et al. 2009). Moreover EBRs may be used and
re-used to help generate phenotypic variation and novel
combinations of genes that help promote adaptation.
There are fundamental biological questions relating to
the significance of EBRs and HSBs, the potential special-
isation of gene biological function in different genomic
compartments, and the roles of repetitive and transposable
elements in genome organisation and evolution. As we
develop additional tools to study complete chromosomes
(especially the microchromosomes) at the sequence level,
such questions will become answerable in birds.
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Abstract
Background: The availability of multiple avian genome sequence assemblies greatly improves our ability to define
overall genome organization and reconstruct evolutionary changes. In birds, this has previously been impeded by a
near intractable karyotype and relied almost exclusively on comparative molecular cytogenetics of only the largest
chromosomes. Here, novel whole genome sequence information from 21 avian genome sequences (most newly
assembled) made available on an interactive browser (Evolution Highway) was analyzed.
Results: Focusing on the six best-assembled genomes allowed us to assemble a putative karyotype of the dinosaur
ancestor for each chromosome. Reconstructing evolutionary events that led to each species’ genome organization,
we determined that the fastest rate of change occurred in the zebra finch and budgerigar, consistent with rapid
speciation events in the Passeriformes and Psittaciformes. Intra- and interchromosomal changes were explained most
parsimoniously by a series of inversions and translocations respectively, with breakpoint reuse being commonplace.
Analyzing chicken and zebra finch, we found little evidence to support the hypothesis of an association of evolutionary
breakpoint regions with recombination hotspots but some evidence to support the hypothesis that microchromosomes
largely represent conserved blocks of synteny in the majority of the 21 species analyzed. All but one species showed
the expected number of microchromosomal rearrangements predicted by the haploid chromosome count.
Ostrich, however, appeared to retain an overall karyotype structure of 2n = 80 despite undergoing a large
number (26) of hitherto un-described interchromosomal changes.
Conclusions: Results suggest that mechanisms exist to preserve a static overall avian karyotype/genomic
structure, including the microchromosomes, with widespread interchromosomal change occurring rarely
(e.g., in ostrich and budgerigar lineages). Of the species analyzed, the chicken lineage appeared to have
undergone the fewest changes compared to the dinosaur ancestor.
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Background
The mechanisms of genome evolution are most often
considered from the perspective of individual genes or
gene families; there is nonetheless increasing evidence
supporting the functional role and significance of events
at a chromosomal (cytogenetic) level [1]. To date, bird
genomes remain relatively understudied from an overall
genome organization perspective; however, the recent
availability of multiple avian genome sequence assem-
blies [2] allows us to consider the role of chromosomal
change in the evolution of Aves from their dinosaur
ancestors. Chromosome rearrangements between species
can cause or reinforce reproductive isolation through re-
duced fitness of hybrid offspring due to a compromised
ability to synapse and segregate chromosomes at meiosis
[3,4]. Moreover, reduced interspecific recombination in
rearranged regions is thought to promote the accumulation
of incompatibility loci in such regions [5-7]. The purpose of
this study was to gain further insight into the mechanism
of bird evolution through the multiple comparative analyses
of chromosomal segments and breakpoints.
Unraveling the mechanisms and relevance of bird
karyotype evolution has hitherto been impeded by a
karyotype that is difficult to define because of indistinct
banding on the macrochromosomes and a preponder-
ance of cytogenetically indistinguishable microchromo-
somes. Indeed, to date, only a single avian karyotype
(chicken) has been fully defined using a combination of
BAC/cosmid clones and chromosome paints generated
by flow cytometry and microdissection [8]. Moreover, kar-
yotypes are broadly similar in overall pattern from species
to species. For instance, at a cytogenetic level, two thirds of
bird species have a chromosome number of around 2n =
80 with similar numbers of macro- and microchromo-
somes suggesting little interchromosomal changes between
species [9]. Molecular insights into interchromosomal
differences between species (and the evolutionary events
that have led to them) have focused mostly on the largest
macrochromosomes. These studies applied chicken chromo-
some paints [10] to the chromosomes of numerous other
species (reviewed in [11]) in zoo-FISH experiments.
Such investigations have provided much insight into inter-
macrochromosomal rearrangements between birds with
the underlying message that the ancestral pattern has
remained largely unaltered in the majority of species. Rare
exceptions include significant chromosome rearrangement
in Psittaciformes (parrots etc.), Falconiformes (falcons) and
Sphenisciformes (penguins) [11]. There are also individual
changes associated with representative orders, e.g., fission
of chromosome 1 in Passeriformes (songbirds) and of
chromosome 2 in certain Galliformes (land fowl) (reviewed
in [11]). Studies of interchromosomal changes involving
the microchromosomes are much more limited as the flow
cytometry methods used to generate the chromosome
paints [10] do not have the resolution to isolate individual
microchromosomes.
Using chicken BAC clones, studies provide a low-
resolution appraisal of intrachromosomal rearrangements
between chicken and other species [12-14] (turkey, duck,
zebra finch, respectively). This approach, however, is lim-
ited in its ability to identify the molecular coordinates
of evolutionary breakpoints. The availability of whole as-
sembled genomes [15-17] allows comparative genomics at
a much more detailed level of resolution than can be
achieved by cross-species FISH. Burt et al. [18] were the
first to use bioinformatics to define inter-species analysis
of whole avian chromosomes at a genomic level (chicken-
human). The publication of the chicken genome sequence
[15] provided more detailed information, establishing con-
served synteny between chicken and human whole gen-
ome assemblies. In the ten years since, only conserved
synteny comparisons have been made between the chro-
mosomes of two [14,19], or at most three [20,21] avian
species.
The use of whole genome assemblies to study cytogen-
etic phenomena has raised interest in the study of com-
parative cytogenetics from the perspective of evolutionary
breakpoint regions (EBRs) and homologous synteny
blocks (HSBs). To date, the majority of such studies
have focused on mammals [22], however, analysis of other
groups, such as birds, is essential in order to establish
whether mammalian systems are representative of, or an
exception to, general patterns observed in other animal
groups. Larkin et al. [22] found that, in mammals, EBRs
can lie in gene-dense regions. In the human genome EBRs
also lie in regions with more zinc finger protein genes,
more genes whose function is associated with environ-
mental stimulus response, as well as more segmental du-
plications, CNVs, SNPs and retrotransposed genes. Such
“EBR genes” appear to be related to lineage-specific biol-
ogy and adaptive features [22-24]. EBRs are also frequently
reused, i.e. there are regions of the genome that are
prone to chromosomal breakage leading to translocations,
inversions and fissions [25,26]. Comparison of sequence
assemblies in chicken, zebra finch and turkey suggests
that breakpoint reuse is higher in birds than in mam-
mals [20,21]. The data in birds also suggests a key role for
recombination-based mechanisms in the generation of
chromosome rearrangements in that EBR location is con-
sistent with elevated levels of genetic recombination at
these loci [14]. This is consistent with the notion that, if
recombination drives chromosomal rearrangements and
assuming an evolutionarily conserved recombination land-
scape [27-29], EBRs might be enriched in genomic regions
with elevated recombination rates. Not all species show an
association of chromosomal breakage and elevated recom-
bination however, e.g., insects [30,31] and mammals. In-
deed, in mammals Larkin et al. [22] suggested that the
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highest levels of recombination are located between the
EBRs rather than in association with them.
HSBs have been defined in all animal species thus far ex-
amined for conserved chromosomal synteny [32]. Larkin
et al. [22] argue that the continued presence of HSBs in
all species may indicate a selective advantage to the
retention of gene combinations in close proximity. Sup-
porting evidence is found in the fact that multispecies
HSBs (msHSBs) involving nine mammals plus chicken,
unlike EBRs, are enriched in gene ontology (GO) terms
for organismal development, central nervous system, and
brain function in the human genome. Others argue that
the idea of close proximity and any resulting correlation
in expression patterns (if present) are not necessarily
adaptive or required (e.g., [33,34]). Given that around
three quarters of avian chromosomes are small, cytoge-
netically indistinguishable microchromosomes, and that
overall karyotype structure appears broadly similar be-
tween at least two thirds of bird species, a high degree of
conserved chromosomal synteny is inferred [9]. This raises
the hypothesis that avian karyotypes are evolutionarily
static; however, for this to be tested, we would first need to
establish that inter-microchromosomal rearrangements are
rare or absent in most birds. If true, we would subse-
quently hypothesize that, like HSBs in mammals, individ-
ual whole microchromosomes are enriched for functional
GO terms (regardless of any intrachromosomal rearrange-
ments between them).
A detailed account of the chromosomal differences
and changes that have occurred during the evolution of
avian chromosomes is an essential prerequisite for any
further insights into functional and/or mechanistic rele-
vance. The combination of comparative analysis by bio-
informatics and chromosome painting has the potential
to do this, provided the appropriate tools are developed
and used. The purpose of this study was thus to examine
multiple avian genomes recently sequenced [2,35], recon-
struct the common ancestral karyotype and thence the
evolutionary events that led to extant karyotypes. Further-
more, we tested the hypothesis that EBRs occurring in
two lineages (chicken and zebra finch) are associated with
elevated levels of genetic recombination and assessed the
degree to which EBRs are reused in avian evolution.
Finally, we tested the hypothesis that whole micro-
chromosomes essentially constitute interchromosomal
HSBs (i.e. that rearrangements between them are rare
or absent) and that each microchromosome consists
of functionally enriched GO terms.
Results
Genomic data and visualization of HSBs and EBRs
Results from this study were derived from HSB and EBR
data from a total of 21 avian genomes and one outgroup
reptile species loaded to an interactive, publicly available
chromosome browser Evolution Highway [36]. This now
allows for multispecies cytogenetic comparison in birds
[37]. For six bird species (chicken, turkey, Pekin duck,
zebra finch and budgerigar) and one lizard outgroup
(Carolina anole - Anolis carolinensis), a combination of
large scaffold size (manifested by N50 > 10 Mb) and sup-
porting molecular cytogenetic data (cross-species chromo-
some painting) allowed us to make chromosomal or near
chromosomal comparison, orientation of HSBs and recon-
struction of ancestral chromosome rearrangements. Evo-
lution Highway screenshots for avian species and lizard
outgroup compared to chicken chromosomes 5 and 11
are illustrated in Figure 1 (these chromosomes chosen
throughout as they give the clearest representative exam-
ples in both FISH and bioinformatics analyses).
FISH analysis
Reconstructions of scaffold-based assemblies also relied, in
part, on previously published zoo-FISH (BAC and chromo-
some painting) data for the macro- and microchromo-
somes of chicken, turkey, duck and zebra finch [12-14] as
well as newly generated data in this study as follows: we
used seven new chicken microchromosomal paints A–G
[21], verifying their assignments with chicken BACs (see
Additional file 1) by dual color FISH and painting them
onto ostrich and budgerigar metaphases.
For chicken, turkey, duck and zebra finch, zoo-FISH has
been previously described [12-14]. For ostrich, no further
differences between this species and chicken microchro-
mosomes were found (Table 1 and Figure 2). For budgeri-
gar, analysis reveals a more complex pattern incorporating
several of the microchromosomes, namely six hitherto
undescribed fusions (Table 1 and Figure 2).
Reconstruction of ancestral karyotypes and chromosomal
changes
A combination of FISH and bioinformatic analyses allowed
reconstruction of ancestral chromosomes 1–5 for all birds,
and chromosomes 6–28 + Z for Neognathae (see Methods).
As a frame of reference, we used the new phylogenetic
tree of another recent study [35]. Figure 3A indicates the
comparative genomics of ancestral chromosome 5 and its
orthologs, and 3B the changes that occurred in the ortho-
logs of chicken chromosome 11. Although the outgroup
did not have sufficient coverage to generate an “all-avian”
ancestral chromosome directly for chromosome 11, the
avian ancestral rearrangement is inferred from the identi-
cal patterns present in ostrich and chicken.
Overall, analysis suggests that, of the six species, the
chicken lineage underwent the least number of intrachro-
mosomal rearrangements (i.e. chicken was most similar to
the common avian ancestor, probably a bipedal feathered
dinosaur). Of the 46 rearrangements observed in the
turkey lineage since the divergence from chicken 30 MYA
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(million years ago), 19 were on chromosome 1 (we believe
that this may be a slight overestimate due to assembly er-
rors in the turkey genome). The analysis also suggests that
ostrich lineage underwent 44 intrachromosomal changes
on chromosomes 1–5 since the divergence from the com-
mon avian ancestor (approximately 100 MYA), and the
duck 28 changes since the galliform-anseriform divergence
(~65 MYA). A faster rate of change was seen in the zebra
finch and the budgerigar lineages, 41 in the former and 39
in the latter, occurring since the passeriform-psittaciform
divergence (~54 MYA, Figure 4A). For the orthologs of
chromosomes 6–28 + Z, in the absence of meaningful data
from the lizard outgroup (i.e. there was minimal compara-
tive data available), our analysis focused on the Neognathae
A 
B 
Figure 1 Screenshots of Evolution Highway comparing 20 avian genomes plus Carolina anole lizard. Shown relative to chicken chromosomes
5 (A) and 11 (B). For turkey, zebra finch, duck and Carolina anole, numbers refer directly to chromosome assignment. For the remainder, numbers refer
to scaffold assignments. Red segments are inversions.
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alone (using ostrich as an outgroup, Figure 4B). Again the
chicken lineage appeared to have the least number of
changes compared to the ancestor and the greatest rate of
change was seen in the zebra finch since the passeriform-
psittaciform divergence 54 MYA (68 for zebra finch and 79
for budgerigar). For all chromosomes, the intrachromoso-
mal events are most parsimoniously explained by a series of
inversions, and the interchromosomal rearrangements by a
series of translocations. We next tested the robustness of
our analysis in a series of additional MGRA simulations
and iterations, excluding one species at a time from the set
of six species (see Methods). We were interested to know if
this would affect the general chicken-like pattern of the re-
constructed avian ancestor. Results showed that, although
the number of reconstructed contiguous ancestral regions
(CARs) tended to decrease slightly if more fragmented
(scaffold-based) genome assemblies (i.e. those of budgerigar
and ostrich) were excluded, near identical order of msHSBs
were observed within each CAR regardless of excluding
one species. The number of changes and their timescales
(hence rates of change) are presented in Figure 4A (for all
avian chromosomes 1–5) and 4B for the Neognathae (chro-
mosomes 6–28 + Z).
A combination of FISH and bioinformatic data revealed
a total of 26 interchromosomal and 44 intrachromosomal
changes that have occurred in the ostrich lineage since di-
vergence of the common avian ancestor ~100 MYA
(Table 2 and Figure 4A). Most changes that occurred in
the duck, chicken and turkey lineages appear to have done
so since the galliform-anseriform divergence ~65 MYA.
Notably, most of the changes seen in budgerigar and zebra
finch lineages each appear to be different from one an-
other, thereby suggesting that nearly all changes have oc-
curred in the ~54 million years since the Passeriformes
and the Psittaciformes diverged (Figure 4 and Table 2).
Closer analysis of the breakpoints to address the ques-
tion of breakpoint reuse (see Background) identified, in
chicken chromosomes 1–5 (and their turkey, duck, zebra
finch, budgerigar and ostrich orthologs), 620 segment
ends, of which 421 were involved in rearrangements.
The most parsimonious predicted pathways from the
common avian ancestor suggested that 100 breakpoint








A 11 1 pair Fusion as part of chromosome 5
B 10 and 12 2 pairs 2 pairs of microchromosomes (no apparent fissions/fusions at this resolution)
C 13 1 pair 1 pair of microchromosomes (no apparent fissions/fusions at this resolution)
D 13 and 14 1 pair 1 microchromosome pair +1 arm of chromosome 8 = fission and fusion at this resolution
E 10 and 12 2 pairs 1 pair = fusion
F 16, 17 and 18 3 pairs 2 pairs = fusion
G ~5 pairs smaller
than 18
No result 3 pairs = 2 fusions (although some signals are weak so may be failure of hybridization)
Note:
Bioinformatic approaches detected further rearrangements that are beyond the resolution of zoo-FISH.
BACs that confirmed these assignments are given in Additional file 1: Table S1.
A B C
Figure 2 Chromosome painting experiment using chromosome paint A. (A) On chicken chromosomes; dual FISH with a chromosome 11
BAC (red) confirms that this chromosome paint (green) maps to chromosome 11. (B) Painting one chromosome pair in ostrich; and (C) painting
the terminal q arm of chromosome 5 in budgerigar.
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regions (23.8%) recurred in different lineages, whereas
214 breakpoint regions (50.8%) recurred in either the
same or different lineages. In chicken chromosomes 4p,
6–28 and Z, and their turkey, duck, zebra finch and
budgerigar orthologs, 560 segment ends were identified,
of which 428 were involved in rearrangements. The most
parsimonious predicted pathways from the common avian
ancestor suggested that 109 breakpoint regions (25.5%)
recurred in different lineages, whereas 210 breakpoint
regions (49.1%) recurred in either the same or differ-
ent lineages.
EBRs and recombination in chicken and zebra finch
As also mentioned in the Background section, we tested
the hypothesis that the presence of EBRs was related to
the regional recombination rate. Given the quality of the
genetic maps and the data available in this study, this
could be achieved for the chicken and zebra finch only.
A
B
Figure 3 Ancestral arrangement of chromosomes in six species and the rearrangements led to the extant pattern. Exemplified for
chicken chromosomes 5 (A; Carolina anole lizard arrangement also indicated) and 11 (B). Rainbow patterned arrows within the chromosomes
represent the HSBs, red curved arrows indicate chromosome inversions, blue arrows indicate chromosome translocations, green outline indicates
the chromosome painting results. As the arrangement for ostrich and Neognathae ancestors were the same, the avian ancestor could be derived
(unlike for other chromosomes smaller than 5). *In budgerigar, FISH indicates fusion to a larger chromosome.
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In chicken the analysis revealed no association between
presence of EBR and the regional recombination rate. The
1 Mb non-overlapping windows containing EBRs (n = 35)
had an average recombination rate of 2.80 (±3.00, SD) cM/
Mb while windows without EBRs (n = 963) had an average
recombination rate of 2.90 (±3.00) cM/Mb (Wilcoxon’s test,
W = 13492, P = 0.42; randomization test, empirical differ-
ence in mean between classes = −0.11, P = 0.28; Figure 5).
A
B
Figure 4 Total number of chromosomal inversions in six extant species as they diverged from the ancestor. The inversions most
parsimoniously explain the patterns seen in these species. (A) For chromosomes 1–5, sufficient coverage of the lizard outgroup allowed
conclusions to be drawn from an avian ancestor. (B) For chromosomes 6–28 + Z, ostrich was used as an outgroup due to the lack of
coverage in the lizard. Greatest rates of change were seen in zebra finch and budgerigar. The phylogenetic tree is based on [35].
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In zebra finch, 1 Mb non-overlapping windows with
EBRs (n = 31) had a slightly higher recombination rate
than windows without (n = 952; 1.60 vs. 1.29 cM/Mb),
although this was not statistically significant (Wilcoxon’s
test, P = 0.1; randomization test, empirical difference in
mean between classes = 0.31, P = 0.1; Figure 5).
Interchromosomal changes in multiple species and GO of
microchromosomes
For chicken, turkey, zebra finch and duck, inter-
macrochromosomal changes have been previously de-
scribed, i.e. chromosome 4 fusion for chicken, chromosome
2 fission for turkey, chromosome 1 fission for zebra finch,
and no changes in duck [12-14] in these four species.
In the current analyses, however, results suggested that
there were at least 26 interchromosomal differences
between chicken and ostrich, and 40 between chicken
and budgerigar for all chromosomes (Table 2), with the
changes in the budgerigar lineage occurring since the
passeriform-psittaciform divergence (~54 MYA). Consid-
ering microchromosomes alone and using data pertaining
to numbers of interchromosomal rearrangements for the
remaining 15 species [37], results suggested that micro-
chromosomal rearrangement was rare, except where the
species of interest had been previously known to have
an unusually large or small number of chromosomes
(Table 3). In other words, as illustrated in Figure 6,
there was a statistically significant correlation (R2 = 0.3;
P = 0.03) between number of interchromosomal rearrange-
ments and published deviation from a haploid chromo-
some number of 40. The exception to this “rule” was the
ostrich (2n = 80), with 26 interchromosomal differences,
11 involving the microchromosomes, results suggest-
ing significant rearrangement while maintaining the
Table 2 Total numbers of inter- and intrachromosomal rearrangements since divergence from avian ancestor 100 MYA
Species Ostrich Chicken Turkey Duck Zebra
finch
Budgerigar
No. of interchromosomal changes (as determined by FISH) from avian ancestor 0 1 1 0 2 8
No. of interchromosomal changes (determined using bioinformatics) from avian
ancestor
26 1 5 1 2 40
No. of intrachromosomal changes from avian ancestor in chromosomes 1–5
(excluding 4p)
44 22 46 40 54 52
No. of intrachromosomal changes from Neognathae ancestor in chromosomes
6–28 + 4p + Z
Not applicable 25 32 49 71 82





















Figure 5 Rates of recombination and their association with EBRs for chicken (red) and zebra finch (blue). In chicken, recombination rates
are near identical in windows with and without EBRs (2.90 and 2.80, respectively). In zebra finch recombination rates are slightly higher in
windows with EBRs (1.60 and 1.29, respectively) but the difference does not reach statistical significance (P = 0.1 for both tests used).
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overall karyotypic structure. Indeed, if ostrich is excluded
from the analysis outlined in Table 3 and Figure 6, the
statistical significance of the association increases mark-
edly (R2 = 0.7, P = 0.0002).
Once we had established (above) that rearrangements
were rare in the microchromosomes, then this led to
the hypothesis that each microchromosome contained
functionally enriched GO categories (see Background).
We found evidence to support this hypothesis only
for chromosome 16 (enriched for immune function)
when P < 0.05 and a false discovery rate (FDR) threshold
of 0.05 were applied. Nonetheless several chromosomes
had a significant P value but did not pass the FDR thresh-
old: for chromosome 11 enrichment categories were ap-
parent for drug/caffeine metabolism as well as hemophilic
cell adhesion; for chromosome 12 genes for nucleotide
binding were clustered together; for chromosome 13 there
were enrichment categories for GTPase regulator activity;
phosphatase activity in chromosome 15; chromosome
17 for glycosylation and glycoprotein related processes;
chromosome 18 for cytoskeletal and motor protein related
genes; and chromosome 20 for genes involved in apop-
tosis and cell death.
We thus find evidence to support our hypothesis that
microchromosomes represent highly conserved blocks of
interchromosomal synteny but find limited evidence to
support the hypothesis that one possible explanation for
this is a clustering of genes of associated function on the
same chromosome.
Discussion
The results presented here signify the most comprehen-
sive appraisal of avian comparative cytogenetics to date.
They provide a more detailed reconstruction of avian gen-
ome evolution than could be achieved by zoo-FISH ana-
lysis alone and demonstrate proof of principle from which
further studies of genome evolution and comparative gen-
omics can ensue.
We used a highly interactive avian genome dataset from
the Evolution Highway comparative chromosome browser
[37,38] that, as has already been demonstrated in mammals,
can be applied to compare the chromosome organization
Table 3 Total number of interchromosomal rearrangements involving microchromosomes in 21 avian species
compared to chicken
Species Total number of interchromosomal







from n = 40)
Adélie penguin (Pygoscelis adeliae) 6 0 48 (8)
American crow (Corvus brachyrhynchos) 1 0 40 (0)
Common cuckoo (Cuculus canorus) 1 0 ?
Pekin duck (Anas platyrhynchos) 0 0 40 (0)
Little egret (Egretta garzetta) 4 1 33 (7)
Emperor penguin (Aptenodytes forsteri) 5 0 36 (5)
Peregrine falcon (Falco peregrinus) 6 4 25 (15)
Zebra finch (Taeniopygia guttata) 0 0 40 (0)
Hoatzin (Ophisthocomus hoazin) 3 0 ?
Anna’s hummingbird (Calypte anna) 0 0 37 (3)
Crested ibis (Nipponia nippon) 6 0 34 (6)
Killdeer (Charadrius vociferous) 1 0 38 (2)
Golden collared manakin (Manacus vitellinus) 0 0 ?
Medium ground finch (Geospiza fortis) 0 0 ?
Ostrich (Struthio camelus) 11 0 40 (0)
Budgerigar (Melopsittacus undulates) 11 2 29 (11)
Rock dove (Columba livia) 1 0 40 (0)
Chimney swift (Chaetura pelagica) 1 0 ?
Turkey (Meleagris gallopavo) 2 0 40 (0)
Downy woodpecker (Picoides pubescens) 4 1 ?
Chicken (Gallus gallus) 0 0 39 (1)
As detected by bioinformatic approaches [37] and compared to the published haploid number of chromosomes in each species [9]. For counts of all
interchromosomal rearrangements in the bird genomes see [37].
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of individual or multiple species. The ultimate aim for this
browser is that, in chromosomes for all avian species
uploaded, HSBs will be displayed with reference to the
chromosome number, as is currently the case for turkey,
zebra finch and duck, or to specific scaffolds for other
birds. In future, this will be achieved by a number of strat-
egies: (a) by improved scaffold sizes, e.g., using optical
mapping such as has been achieved to some degree in os-
trich and budgerigar in this study; (b) by linkage to radi-
ation hybrid (RH) maps such as was achieved for duck in
this study (see also [19]); (c) by association with known
linkage and other physical maps (e.g., [39,40]); d) by use of
novel algorithms to order and orient scaffolds into longer
chromosomal fragments or whole chromosomes using
comparative genome information and pair-end reads (ref-
erence-assisted chromosome assembly; [41]); (e) by sys-
tematic FISH mapping to chromosomes of orthologous
clones derived from the individual scaffolds. We are cur-
rently concentrating our efforts on the development of
FISH probes that will identify not only on which chromo-
somes the scaffolds lie in the species of interest, but also
the order in which they appear on the chromosome. With
current technology, however, even the best-assembled
genomes (e.g., assisted with optical mapping) require
a degree of intervention by molecular cytogenetics in
order to generate a complete picture of overall genome
organization. Given the efforts that have been made to se-
quence the genomes of the birds recently by current tech-
nologies [2], it is questionable how many of them will be
re-sequenced using newer technologies that generate large
scaffolds. A note of caution is relevant here: no genome
assembly is “perfect” - the results reported here and else-
where represent the state of the art in terms of what can
be reasonably gleaned with the current technology avail-
able. Our future studies will focus on the systematic mo-
lecular characterization by zoo-FISH of as many scaffolds
and EBRs as time and resources allow.
Earlier cytogenetic data suggested that, for the major-
ity of bird species, karyotypic patterns are broadly simi-
lar to one another [9,11,14,20]. This purportedly extends to
ratite birds [42-44]; however, further analysis presented in
this study challenges this notion. That is, we identified 26
interchromosomal rearrangements in ostrich compared to
the ancestor. Moreover, the question of whether the con-
served interchromosomal synteny seen in the macrochro-
mosomes applies to the microchromosomes has hitherto
been beyond the resolution of contemporary methodology.
This study is the first to classify inter-microchromosomal
rearrangements in any species; we provide evidence that
interchromosomal rearrangements are nonetheless rare,
except in cases (around 1/3 of species) where we already
knew that karyotypes were highly rearranged [9]. Ostrich
is the exception and it will be interesting to note whether
this applies to other ratite birds.
Microchromosomes are not a uniquely avian fea-
ture. They are also found in some primitive amphib-
ians (Cryptobranchidae and Hynobiidae have 14–19 pairs
[45,46]), most (but not all) reptiles (snakes have around
20 pairs [47]), but paradoxically not Crocodylia [48] – the clos-
est phylogenetic lineage to birds. Indeed microchromosomes
Figure 6 Number of interchromosomal rearrangements involving microchromosomes. Plotted against deviation from n = 40 for each
species in which chromosome number is published (Table 3). Analysis suggests that haploid chromosome number effectively is a reflection of
number of microchromosomal rearrangement, except in ostrich (red dot). Best-fit line is drawn excluding ostrich outlier (R2 = 0.7, P = 0.0002 if ostrich is
excluded; R2 = 0.3, P = 0.03 if ostrich is included).
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are typical of most amniotes (mammals and crocodil-
ians being exceptions); however, the greatest number
and smallest size of microchromosomes are typically
found among birds. Burt [49] in a “fission-fusion” hy-
pothesis suggested that most microchromosomes were
already present in the common dinosaur ancestor that
gave rise to birds (which probably had already evolved a
small genome size and karyotype of around 2n = 60 in-
cluding 20 pairs of microchromosomes) but that chromo-
some fission created the remainder, presumably including
the smallest ones. In the current study, the similar number
of chromosomes amongst most species but relatively large
number of rearrangements between ostrich and all the
other birds studied suggest that a basic pattern of 2n = 80
(~30 pairs of microchromosomes) became fixed before
the Palaeognathae-Neognathae divergence 100 MYA but
that interchromosomal rearrangement was still rela-
tively common in birds at the time. Another alternative is
that ratite birds underwent further adaptive changes that
may be associated with the very different phenotypes present
in this clade alone. The paucity of inter-microchromosomal
rearrangements between most Neognathae (if the evi-
dence presented here is representative, this would pre-
sumably include the 2/3 of Neognathae species where
2n = ~80) supports our hypothesis that the microchromo-
somes represent blocks of conserved synteny at an inter-
chromosomal level. An absence of interchromosomal
rearrangement could either suggest an evolutionary ad-
vantage to retaining this particular configuration or a lack
of opportunity for chromosome rearrangement. The latter
might be explained by few recombination hotspots, trans-
posable elements or endogenous retroviruses, all of which
have been associated with chromosomal change. Both
inter- and intrachromosomal change can arise via these
mechanisms, and thus the rapid amount of intrachromo-
somal but not interchromosomal change in our represen-
tative passeriform species, the zebra finch, suggest that
there may be an evolutionary advantage to keeping micro-
chromosomes numerous, gene dense, compact and evolu-
tionarily static. Stasis in evolution can, however, arise via
alternative interpretations; it may be that the mutational
mechanisms underlying chromosomal changes are differ-
ent in birds or that lack of adaptive value, rather than
purifying selection, slows down the rate of chromosomal
changes. At the time of writing no sequences have yet
been associated with the very smallest of the avian micro-
chromosomes (29–38) and this is an issue that will require
rectifying in future avian genome projects using more so-
phisticated technologies.
The rate of chromosomal change in any eukaryotic or-
ganism, and the speciation that ultimately arises from it, is
dependent on two factors: the rate of mutation and the
rate of fixation [18]. The mutation rate of chromosomes
is, in turn, related to the frequency of homologous sites
[49]. Repeat structures in general, and transposable ele-
ments in particular, provide substrates for chromosomal
rearrangement. In a genome that is constrained by size
(perhaps, as has been suggested, because of the energy re-
quirements associated with flight [50,51]), the opportunity
for mutation is reduced and only fission (or intrachromo-
somal rearrangement such as inversion) can occur. This
would explain first why the avian genome is the most frag-
mented of any vertebrate genome (i.e. birds have the most
chromosomes) and second why there have been few inter-
chromosomal rearrangements in most species. There are
also possible advantages of multiple chromosomes in a
karyotype in terms of generating variation, the driver of
natural selection. That is, more chromosomes lead to
more combinations of gametes as well as an increase in
recombination rate as there has to be at least one obliga-
tory chiasma per chromosome. The absence of positive se-
lection for much change in chromosome number is a
possible explanation of why there was little fixation of any
interchromosomal changes among birds although in-
breeding and genetic drift may play a role [18,49,52,53].
Burt [49] suggested that a higher recombination rate is an-
other constraint that has resulted in the properties we
most associate with microchromosomes (e.g., high GC-
content, low repeats, high gene-density) and led to the
maintenance of the typical avian karyotype with both
macro- and microchromosomes and few rearrangements
between them.
A constraint of overall karyotype structure does not pre-
clude intrachromosomal rearrangements. Indeed there is
a correlation between the rates of speciation and intra-
chromosomal rearrangement [4]. In the current study, the
rapid rate of intrachromosomal rearrangement in the
zebra finch would argue for a relationship between intra-
chromosomal rearrangement and speciation in birds given
the Passeriformes represent over half of all species. Such
mechanisms could be mediated through an increase in lo-
calized repeat content. Hotspots of recombination have
previously been reported to also play a role [14] and in
this study we tested the hypothesis further utilizing “zebra
finch only” and “chicken only” breakpoints comparing
them to previously reported genetic maps of each species
[37,54,55]. In chicken, recombination rates were near
identical in regions with breakpoints compared to those
without. In zebra finch, the difference in rates between re-
gions containing EBRs and regions without EBRs, al-
though similar in magnitude to that previously reported
[14], failed to reach statistical significance (at P < 0.05).
This therefore casts doubt on our original findings,
thereby either suggesting that our hypothesis should be
rejected or that the numbers in the study were not suffi-
ciently large to reach statistical significance. A further al-
ternative explanation is that the available recombination
maps have too low marker density (typically Mb scale) to
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pick up local recombination rate variation at a sufficiently
detailed scale (Kb scale) to detect associations with EBRs.
Study of a greater number of species in this manner using
high-density linkage maps or population based recombin-
ation rate estimates may resolve the paradoxical difference
between [14] and the current study.
Some avian species undergo a radical departure from
the typical (2n = ~80) avian genome organization. The
presence of an unusually high chromosome number in the
Adélie penguin (2n = 96) and a lower than average num-
ber in the emperor penguin (2n = 72) (but both associated
with high degrees of inter-microchromosomal rearrange-
ment) suggest that similar mechanisms can act to either
reduce or increase chromosome number rapidly. Evidence
from the penguins and the rearranged karyotypes of the
Falconiformes and the Psittaciformes suggest that these
changes can happen in a relatively short time. Mammals,
reptiles and amphibians with larger, repeat-rich genomes
have the potential to undergo rapid intra- and interchro-
mosomal rearrangements and the results presented here
suggest that birds too can undergo similar changes in cer-
tain groups. We are not, however, aware of any evidence
to suggest that highly rearranged avian genomes are espe-
cially large, or significantly more repeat-rich than other
avian genomes. Comparisons of the zebra finch and the
budgerigar suggest that mutation rates of chromosomes
may well be similarly high in both groups but that they
are features associated with exploiting evolutionary niches
in certain groups that serve to fix interchromosomal rear-
rangements, while in others such fixation is prevented and
the overall avian karyotype maintained. Such processes
are, to date, undiscovered but possible clues might lie in
the study of GO terms present in EBRs. In an associated
study, a correlation between EBRs and specific avian adap-
tive features in individual species has been demonstrated.
This included forebrain development in budgerigar, one of
the six species focused upon in this study and consistent
with this species being not only vocal-learner but having
distinctive neuronal connections compared to other vocal-
learners [37]. As more genomes become available with bet-
ter assemblies, these analyses may well point to adaptive
phenotypic features of individual orders and families.
Finally, we observed that it appears to be the chicken
that seems to have undergone the fewest chromosomal
changes compared to the ancestor. There are interesting
parallels between this study and another study [56] exam-
ining sex chromosome evolution. While our data demon-
strates that autosomes have been reorganized least in
chicken chromosomes 1–5 in comparison to the common
avian ancestor, Zhou et al. [56] conclude that the ancestral
sex chromosome organization is observed closer to that of
the Palaeognathae (ostrich and emu). Zhou et al. [56] show
less degradation of the sex chromosomes and a closer syn-
teny to the lizard. As, in this study, we only examined the
Z chromosome in the Neognathae (for the reasons given),
further studies will be required to establish whether sex
chromosomes and autosomes preserve their ancestry dif-
ferently in the different lineages. The question also arises
of whether chicken and related species, having undergone
the fewest chromosomal changes, have undergone the few-
est adaptive changes compared to the avian ancestor. Most
authors agree that the dinosaur ancestors of birds were bi-
pedal and terrestrial, relatively small (small size being an
immediate pre-adaptation to flight) and had limited flying
ability, not unlike Galliformes [57]. On the other hand, the
earliest known Ornithurae along the presumed direct line
to modern birds were either fully aquatic or amphibious
(e.g., Gansus [58]) and details of their anatomy, including
webbed feet, have been likened to ducks [59,60]. The old-
est relatively certain fossil representative of Neornithes
(modern birds) is aquatic, and identified as a Galloanseres
(e.g.,Vegavis [61]). However, the fossil record may be diffi-
cult to interpret due to geographic and depositional sam-
pling biases, limited understanding of functional anatomy,
and the uncertainty that avian ancestors were ecologically
and behaviorally typical of the larger groups to which they
belonged. As an independent record of the actual sub-
stance of inheritance of living birds, genomic characteris-
tics such as chromosomal arrangement complement a
fossil record that may imperfectly represent actual neor-
nithine forebears. Thus, chromosomal rearrangements
may provide information on the ecological adaptations of
avian ancestors that the fossil record may never be able to
establish unambiguously [62].
Conclusions
In summary, this study represents the most comprehen-
sive appraisal of changes in overall avian genome struc-
ture hitherto reported. We provide further insight on
previously reported roles of genetic recombination in
chromosome rearrangement and on the functional sig-
nificance of karyotype stability in the avian genome.
Here, we establish that the chicken lineage contains the
fewest number of chromosomal changes compared to
the dinosaur ancestor relative to the other five species
studied. At this stage it would be unwise automatically
to infer that this means that the chicken has the fewest
number of adaptive changes also. This will nonetheless
be the topic of future study.
Methods
Presentation of multiple avian genome assemblies
In order to present and visualize comparative cytogenetics
and identify HSBs and EBRs in multiple avian species, an
interactive, comparative chromosome browser Evolution
Highway was used [38]. All blocks of synteny were identi-
fied and displayed relative to chromosomes of the refer-
ence chicken genome (ICGSC Gallus_gallus-4.0/galGal4).
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Evolution Highway was used to display the sequence
coordinates of all syntenic fragments (SF) and HSBs in
each genome [37]). We made use of the set of HSBs and
SFs that contained rearrangements that are ≥ 300 Kb in
the reference genome. This set, together with two other
separate sets that visualize HSBs and SFs that are larger
than 100 Kb and 500 Kb in the reference genome, is pub-
licly available from the Evolution Highway website [36]
(Figure 1) and are further described in [37].
For the purposes of this study, 21 avian genomes plus
one outgroup species were utilized to address the ques-
tions set out in the Background section and made up of the
following: of these 21, 17 were recently sequenced and pre-
sented [2] including common cuckoo, peregrine falcon,
American crow, little egret, crested ibis, domestic pigeon,
hoatzin, golden-collared manakin, medium ground finch,
downy woodpecker, Adélie penguin, emperor penguin,
Anna’s hummingbird, chimney swift, killdeer, budgerigar
and ostrich. Conserved blocks of synteny are presented as
scaffolds (scaffold 1 being the largest and the rest numbered
accordingly to size) in relation to chicken chromosomes.
Chromosome-level assembly and analysis of conserved syn-
teny had been previously reported for the largest (macro-)
chromosomes of chicken, turkey and zebra finch [14,20,21].
Thus, the turkey (TGC Turkey_2.01/melGal1) and zebra
finch (WUGSC 3.2.4/taeGut1) genomes were presented in
Evolution Highway with reference to published chromo-
some number (e.g., chromosome 11 in chicken corresponds
to chromosome 12 in duck and 13 in turkey; see Figure 1).
Chromosome-level assembly of the Pekin duck genome
was constructed from available genome scaffolds [63] using
an original RH mapping approach through hybrid sequen-
cing (Faraut et al., personal communication). Pekin duck
was added and presented with reference to published
chromosome number. The Carolina anole was the only
reptile outgroup genome available with reference to whole
chromosomes and therefore this was chosen for this study
as the outgroup for reconstruction of the ancestral chro-
mosomes (see the sub-section Establishment of ancestral
avian karyotypes).
Of the 17 newly sequenced species, two (ostrich and
budgerigar) were selected for studies involving reconstruc-
tion of the ancestral chromosomes. These species, thanks
to optical mapping, had the largest N50 (>10 Mb) and
were also the species on which we performed zoo-FISH
studies due to the availability of material for chromosome
preparation. These and the remaining 15 species were
used for defining EBRs to compare with recombination
rate and for establishing interchromosomal conserved
synteny among the microchromosomes [37].
Karyotype and zoo-FISH analysis
For chromosome analysis, rapidly dividing embryonic fi-
broblasts or white blood cells were arrested in metaphase
using colchicine (Sigma), swollen using 75 mM KCl
and fixed to glass slides using 3:1 methanol : acetic acid
mix. Metaphases were stained with a combination of
DAPI and propidium iodide in VECTASHIELD® antifade
medium (Vector Laboratories). Image capture involved an
Olympus BX61 epifluorescence microscope with cooled
CCD camera; SmartCapture system and SmartType soft-
ware (Digital Scientific UK) were used for capturing and
karyotyping purposes, respectively. Microchromosome
paints described elsewhere [21] were generated by flow cy-
tometry, then amplified and directly labeled with FITC
using DOP-PCR. BAC clone DNAs were used to verify
chromosome paint alignment and were extracted by mini-
prep (QIAprep Spin Miniprep Kit, QIAGEN), then dir-
ectly labeled by nick translation with FITC or Cy3.5.
For FISH, metaphases were probed with chicken chromo-
some paints and BACs generated above. Briefly, probes were
dissolved in a formamide buffer and applied, under a cover-
slip, and then sealed using rubber cement. Simultaneous de-
naturation of probe and genomic DNA on a 75°C hotplate
preceded hybridization at 37°C (overnight for same species
FISH, three days for zoo-FISH). Post-hybridization washes
(2 minutes in 0.4 × SSC at 73°C; 30 seconds in 2 × SSC/
0.5% Tween 20 at room temperature) were followed by
chromosome counterstaining using VECTASHIELD® anti-
fade medium with DAPI and viewed as above using epi-
fluorescence and SmartCapture (Digital Scientific UK).
Establishment of ancestral avian karyotypes
In total six avian species (chicken, turkey, duck, zebra
finch, ostrich and budgerigar) plus one lizard outgroup
species (Carolina anole) were chosen for reconstruction of
the ancestral karyotypes (for the reasons given in the sub-
section Presentation of multiple avian genome assemblies).
A combination of bioinformatics, zoo-FISH and karyotyp-
ing allowed us to make reconstructions of the order and
orientation of scaffolds and thence the ancestral chromo-
somes. To reconstruct a putative avian ancestor as inferred
from orthology maps the Multiple Genomes Rearrange-
ments and Ancestors (MGRA) tool on the Algorithmic
Biology Lab web server at St. Petersburg Academic University
of the Russian Academy of Sciences [64,65] was used as
follows: using Evolution Highway, pairwise alignments for
turkey, duck, zebra finch, budgerigar and ostrich were
visualized relative to the chicken whole genome sequence
as a reference at the 300 Kb resolution. The orthology
map of the Carolina anole, also visualized by Evolution
Highway, was used as an input for the MGRA program
and included in the analysis as an outgroup. Orthologous
regions observed in all the species compared were defined
as msHSBs and served as MGRA inputs for individual ge-
nomes. The hypothetical ancestral genome was deter-
mined using the phylogenetic tree information for this set
of six species [35].
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For chromosomes 1–5, 80% of the avian genomes were
also represented by orthologous sequences in the Carolina
anole outgroup. In this case we could therefore recon-
struct the ancestral chromosomes for all birds. For chro-
mosomes 6–28 and Z, we used ostrich as the outgroup
(thus only drawing conclusions about the Neognathae), as
only ~9% of the genome had orthologous sequences rep-
resented in the lizard outgroup. Where the ostrich and
Neognathae ancestor had the same arrangement of HSBs,
we could infer the avian ancestor (as with chromosome
11, Figure 3).
In order to test the robustness of our analysis in a
series of additional MGRA simulations and iterations,
we established if exclusion of one species at a time from
the set of six species would affect the overall pattern of
the reconstructed avian ancestor genome organization.
Reconstruction of evolutionary events guided by MGRA
The positions of CARs and HSBs or SFs within each spe-
cies genome were noted, allowing correlation with our pre-
viously published FISH based physical mapping data in
chicken turkey, duck and zebra finch [12-14] and that de-
rived by cross-species chromosome painting in former pub-
lications [66,67] and in the current study. These data were
previously acquired by cross-species FISH of chicken BACs
and chromosome paints onto turkey, duck, ostrich and
budgerigar chromosomes, and same-species FISH of ortho-
logous zebra finch BACs onto zebra finch chromosomes.
The available karyotypic, FISH and bioinformatic
data were combined to generate the “best-fit” model for
chromosomal evolution in the six avian species of interest,
i.e. the one with the minimum number of rearrangements.
The MGRA tool was used on the whole genome datasets
to reconstruct the evolutionary events that, most parsimo-
niously, led to the arrangement seen in the extant species.
For the most part, the changes suggested by MGRA were
accepted as the most parsimonious involving the mini-
mum inversions for intrachromosomal rearrangements
and fissions/fusions for interchromosomal rearrangements
(the process of defining the inversions is illustrated in
Figure 3; see also [20]). In cases where apparent in-
terchromosomal rearrangements (such as translocations)
had occurred, the MGRA solution was cross-referenced with
the reconstructions on a chromosome-by-chromosome basis
using the Multiple Genome Rearrangements (MGR) tool
[68,69] and with zoo-FISH data. In cases of disagreement
on the pattern of rearrangements, three independent ob-
servers with extensive cytogenetic expertise manually
checked and decided the rearrangement pattern. When a
whole, otherwise independent, block (scaffold or chromo-
some) was classed as inverted, this was counted in the
analysis as a true inversion if a different orientation
was recovered for two or more species (example shown in
Figure 3b for chromosome 11 in zebra finch).
Identification of EBRs and breakpoint reuse
We used the EBRs defined in [37] that involved a single
reference chromosome (intrachromosomal EBRs) and
more than one reference chromosome (interchromosomal
EBRs) in target species’ chromosomes or scaffolds [70]. In-
terchromosomal EBRs delineated interchromosomal rear-
rangements, which were then compared with published
chromosome number [9], or more specifically deviation
from n = 40; correlation coefficient R2 was calculated using
Microsoft Excel. In order to determine breakpoint reuse,
the series of possible rearrangements from the common
avian ancestor (with lizard as the outgroup, chromosomes
1–5) or Neognathae ancestor (with ostrich as the out-
group, chromosomes 4p, Z and 6–28) to each species was
considered, and for each rearrangement, the segment ends
flanking the breakpoints were noted. Within each lineage,
the number of times a segment end was involved in a re-
arrangement was counted and reuse classified if it occurred
more than once in any lineage or between lineages.
Recombination rate analyses
We used the chicken- and finch-specific EBRs defined in
[37] to compare with chicken-specific recombination rates
and zebra finch-specific EBRs with zebra-finch recombin-
ation rates. This differed from our previous approach [14]
in which we examined all EBRs between three species
compared to the zebra finch genetic map. Zebra finch-
specific EBRs coordinates initially identified in chicken
chromosomes were translated into zebra finch chromo-
some coordinates (WUGSC 3.2.4/taeGut1) using the cor-
respondence between coordinates of finch HSB boundaries
in the chicken and finch chromosome assemblies [37]. In
this way all chicken-specific and zebra finch-specific EBRs
identified at 300 Kb resolution were compared directly
with genetic maps in chicken and zebra finch, respectively.
We obtained sex-averaged recombination rate estimates
for 1 Mb non-overlapping windows by comparing genetic
and physical positions of SNPs distributed along the
chicken and zebra finch genomes (data from [54,55]). To
assess if the recombination rate differed between regions
with and without chromosomal breakpoints, we parti-
tioned the recombination data into two classes, one with
windows containing at least one breakpoint and one with
windows without breakpoints, using the zebra finch
and chicken breakpoint data [37]. We applied a non-
parametric test (Wilcoxon’s rank sum test with continuity
correction as implemented in R [71]) to assess the level of
significance for the difference in recombination rates be-
tween classes. Since the sample size differed considerably
between classes (i.e. windows not containing EBRs vastly
exceeded those that contained EBRs) we also applied a
randomization test in R [71]. We randomly sampled the
same number of windows as those containing EBRs in
each respective taxon (n = 31 for zebra finch, n = 35 for
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chicken) from the entire sample 10,000 times. Lastly, we
calculated the average recombination rate in the random
sample of windows for each iteration to obtain an ex-
pected distribution.
GO analysis of microchromosomes
In order to ask whether individual microchromosomes
were enriched for specific GO categories, whole gene sets
for each microchromosome were collated and loaded both
into DAVID [72,73] and GOEAST [74,75]. Specifically,
Ensembl gene ID data and gene name for each microchro-
mosome were extracted from the BioMart Ensembl Genes
75 Database [76,77], using galGal4 as the dataset. In order
to eliminate any “significant” results arising through the
presence of multiple copies of genes in the same family
being present on the same chromosome, gene families
were reduced to a single representative member. Down-
loaded gene IDs and gene names were then copied into
a spreadsheet for further analysis using DAVID and
GOEAST. Gene IDs for each microchromosome were
uploaded into DAVID Bioinformatics Resources 6.7, using
Ensembl Gene ID as the list identifier and subsequently
analyzed using the Functional Annotation Clustering tool.
Cluster data from each microchromosome gene list output
was downloaded into Microsoft Excel and filtered using an
enrichment score of 1.3 and above and a P value less than
0.05 to edit the list for clusters considered to be significant.
BioMart (Ensembl) derived gene names for each micro-
chromosome were also uploaded into GOEAST using
Gallus gallus as the reference. Batch-gene analysis was per-
formed by GOEAST, and enriched GO term outputs with
a P value less than 0.05 were considered to be significant.
The GO results obtained from GOEAST were downloaded
into Microsoft Excel and presented with graphic files cre-
ated directly from GOEAST for each microchromosome
where results were available. Finally, in order to cor-
rect for multiple sampling error, an FDR threshold of
0.05 was used.
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genomes for the traces of tooth-related genes recovered 
multiple pseudogene fossils of enamel and dentin genes 
with multiple frame-shift or exon-deletion mutations. 
The majority of these mutations differ in diverse avian 
genomes, suggesting that they occurred independently in 
evolution. However, all birds analyzed by the Avian Ge-
nome Consortium shared the same deletions in 4 enamel 
genes  (ENAM ,  AMELX ,  AMTN , and  MMP20) and 1 den-
tin-related gene  (DSPP) suggesting that the common an-
cestor of all birds likely had no mineralized teeth [Mere-
dith et al., 2014].
 Another amazing feature of birds is their most ad-
vanced vertebrate visual system. They exhibit the ability 
to distinguish colors over a wider range of wavelengths 
than mammals. Unlike mammals, birds likely have re-
tained the ancestral tetrapod set of cones [Zhang G et al., 
2014b]. For the majority of vertebrate visual opsin genes, 
birds had a higher number of copies compared to mam-
mals. The number of opsin gene classes (4) found in most 
birds suggests that birds are most likely tetrachromatic 
[Zhang G et al., 2014b], with the exception of penguins 
who had only 3 classes of opsin genes [Li C et al., 2014] 
suggesting a 3-chromatic vision, consistent with earlier 
observations in aquatic mammals who also lost 1 or 2 of 
cone pigments [Newman and Robinson, 2005].
 In conclusion, the comparative analysis of 48 avian ge-
nomes proved to be a powerful tool to reveal multiple 
signatures of genome adaptations related to avian ability 
to fly. The evolutionary stability of avian karyotypes is 
likely related to the reduction of transposable and other 
repetitive sequences in avian genomes. Avian-specific 
segmental deletions of gene paralogs together with short-
er genes and intergenic regions made gene regulation fast 
and energy-efficient. The skeleton modifications that re-
sulted in a smaller number of light-weight bones were ac-
companied by accelerated evolution of genes involved in 
ossification. Avian genomes tend to show relatively small 
variation in regulatory gene sequences compared to 
mammals reflecting the high degree of adaptation and 
specialization of bird genomes, probably inherited from 
their dinosaur ancestor.
 Avian Cytogenetics Goes Functional 
 (Prepared by D.K. Griffin, M.N. Romanov, R. 
O’Connor, K.E. Fowler, and D.M. Larkin)
 It is now over 10 years since the first avian genome 
[International Chicken Genome Sequencing Consor-
tium, 2004] and the first complete avian karyotype [Ma-
sabanda et al., 2004] were both published; however, until 
2014, avian cytogenetics has focused heavily on descrip-
tive studies [e.g. Griffin et al., 2007, 2008; Skinner et al., 
2009; Völker et al., 2010] with less attention to its func-
tional relevance. Last year, however, saw 2 landmark ef-
forts in the chromosomal studies of birds: a special issue 
of Chromosome Research in April and the announce-
ment of recently completed sequences of multiple new 
avian genomes in Science and the BMC journals (taking 
the total number sequenced to over 50) in December. 
Studying the chromosomes of birds is, perhaps for the 
first time, telling us more about avian biology, function 
and evolution than it ever has.
 What Do We Know So Far? Karyotypic Stability 
 The near-unique nature of the avian karyotype has re-
mained a consistently reported feature of bird biology 
since the first chromosome preparations were made. Al-
though many animal groups have microchromosomes, 
the small size and abundant number of chromosomes in 
avian species set birds apart genomically from other ver-
tebrate groups. To the best of our knowledge, there are 
over 1,000 published avian karyotypes, most comprehen-
sively summarized by Christidis [1990], with several hun-
dred added since this review. All of these karyotypes are 
partial however, with usually only 5–10 pairs of chromo-
somes easily distinguished, and the rest homogeneously 
classified. Moreover, the vast majority of karyotypes 
hardly differ from each another, with rare exceptions in-
cluding the stone curlew ( Burhinus oedicnemus ; 2n = 40), 
the beach thick knee ( Esacus magnirostris ; 2n = 40), sev-
eral hornbills (2n = 42), kingfishers and hoopoes  (Upupa 
epops;  2n > 120) at each end of the numerical spectrum 
[Christidis, 1990]. Indeed, even since the advent of zoo-
FISH, the identification of an interchromosomal rear-
rangement in a bird is a relatively uncommon event [Grif-
fin et al., 2007].
 Central to our understanding of avian biology and evo-
lution is establishing the reasons  why avian karyotypes are 
evidently so stable. Clues to such an enquiry might lie in 
those rare exceptions to the rule. For instance, the Falconi-
formes (falcons, etc.) and Psittaciformes (parrots, etc.) 
have noticeably undergone numerous evolutionary chang-
es. Moreover, it is noteworthy that when interchromosom-
al change occurs, it tends to recur. The best example of this 
is a fusion of the ancestral chromosomes 4 and 10; an event 
that appears to have occurred independently throughout 
evolution in chicken  (Gallus gallus) , greylag goose  (Anser 
anser) , collared dove  (Streptopelia decaocto) and probably 
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examine some of the latest tools and preliminary solutions 
that are being used to understand the underlying mecha-
nisms that lead to chromosome rearrangements in birds 
(and in eukaryotes in general).
 If we accept that interchromosomal change occurs 
only rarely in birds, then it is reasonable to assume that 
this happens usually only when there is an adaptive value 
to doing so. In most species, phenotypic diversity is usu-
ally associated with wholesale changes in karyotype struc-
ture. Aves as a phylogenetic class underwent a series of 
rapid speciation events beginning  ∼ 65 million years ago 
(Mya) and ending  ∼ 50 Mya. Chromosomal change is 
usually a cause or consequence of speciation (i.e. a species 
barrier), but until recently, the microchromosomes that 
constitute the majority of the avian karyotype, have not 
been amenable to study. The latest studies, however, have 
paved the way for a flurry of research activity that not only 
describes the avian karyotype in more detail, but might 
also provide functional clues as to its nature.
 New Molecular Cytogenetic Tools 
 Lithgow et al. [2014] produced a set of chromosome 
paints and bacterial artificial chromosomes (BACs) that 
will start the process of characterizing the microchromo-
somes and their changes over evolutionary time. They re-
ported the development of chicken microchromosomal 
paint pools and generation of pairs of specific microchro-
mosome BAC clones with some success in zoo-FISH
experiments. For instance, they detected a fusion of the 
ancestral chicken chromosome 23 orthologue to a macro-
chromosome in gyrfalcon  (Falco rusticolus). A FISH im-
age of BACs hybridized to peregrine falcon  (Falco pereg-
rinus)  chromosomes [unpubl. data] is shown in  figure 4 .
McPherson et al. [2014] examined the Japanese quail 
 (Coturnix japonica) . Comparing chicken and turkey BAC 
clones on mitotic and meiotic chromosomes, they dem-
onstrated that high-resolution FISH is practicable. Ishi-
shita et al. [2014] also assessed the distribution of centro-
meric repetitive sequences on both micro- and macro-
chromosomes. It is therefore now possible to achieve full, 
high-resolution characterization of all avian chromo-
somes in all species studied, including the elusive chro-
mosome 16 and the D-group (smallest) chromosomes. 
There are several current strategies to fill the gaps; one of 
these is by the use of PacBio, a novel single-molecule real-
time sequencing platform, targeting the sequence of 
smaller chromosomes using sorted chromosome preps, 
and assembling contigs into scaffolds and super-scaffolds 
from optical maps [Ganapathy et al., 2014].
 What Have Sequence Assemblies Taught Us? 
 The progress of genome assembly in birds has been 
slow in comparison to other animal groups such as mam-
mals. Following chicken [International Chicken Genome 
Sequencing Consortium, 2004], it took a further 6 years 
until the second and third avian genome sequences were 
published, namely those of the zebra finch ( Taeniopygia 
guttata , a model for neurological function, especially 
learned vocalization) [Warren et al., 2010] and turkey 
 (Meleagris gallopavo) [Dalloul et al., 2010]. More recent-
ly, the Pekin duck  (Anas platyrhynchos) [Huang et al., 
2013] was added along with 2 falcon species  (Falco pere-
grinus  and  F. cherrug) [Zhan et al., 2013] and many others 
(table 4). The availability of these assembled genomes 
provided the opportunity for comparative genomics at a 
chromosomal level. In 2010, we made the first compari-
son of 2 species using genome assembly information from 
the macrochromosomes [Völker et al., 2010]. A similar 
comparison more recently was made in chicken com-
pared to duck [Rao et al., 2012], and then a 3-way com-
parison (allowing studies of the direction of change) in 
chicken, turkey and zebra finch [Skinner and Griffin, 
2012; Lithgow et al., 2014]. The principal features of chro-
mosomal change in birds are homologous synteny blocks 
(HSBs), which are demarked by evolutionary breakpoint 
regions (EBRs). While analyzing these features, some 
general patterns have started to emerge. The first is that, 
although interchromosomal change is rare, intrachromo-
somal changes are commonplace. Breakpoint reuse is also 
commonplace, significantly more so than in mammals, 
and there is some evidence of an association between 
chromosomal breakage and non-allelic homologous re-
combination (NAHR) [Völker et al., 2010].
 Fig. 4. FISH of 2 BACs for chicken microchromosome 19 (green, 
p arm; red, q arm) to peregrine falcon (Falco peregrinus) chromo-
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 Zhang G et al. [2014b] used a whole-genome shotgun 
strategy to generate new whole-genome sequences from 
45 bird species representing many of the major clades 
and at least 1 representative from over 90% of all avian 
orders. Around 20 species had a high (50× or greater) 
coverage and these were the subjects of further cytoge-
netic studies. These included the common ostrich  (Stru-
thio camelus)  and the budgerigar  (Melopsittacus undu-
latus) , which were further assembled using data from 
optical mapping experiments [Ganapathy et al., 2014]. 
This had the effect of significantly increasing the assem-
bly’s N50 scaffold sizes to around 15 Mb, and these were 
subsequently used with those already assembled by 
chromosome (chicken, turkey, zebra finch, and duck). 
Romanov et al. [2014] made use of novel whole-genome 
sequence information from 21 avian genome sequences 
available on an interactive browser (Evolution High-
way). By focusing on the 6 best-assembled genomes 
(chicken, turkey, duck, zebra finch, ostrich, and bud-
gerigar), a putative karyotype of the avian ancestor 
(probably a bipedal feathered dinosaur) was assembled 
for each chromosome. The evolutionary events were re-
constructed that led to each of the 6 species’ genome 
organization. Intra- and interchromosomal changes ap-
pear best explained most parsimoniously by a series of 
inversions and translocations with common breakpoint 
reuse. Microchromosomes represent conserved blocks 
of synteny in most of the 21 species, and a series of in-
terchromosomal changes in the ostrich were also de-
scribed that would not have been predicted by karyotype 
analysis alone. These results suggest that mechanisms 
exist to preserve a static overall avian karyotype/genom-
ic structure, including the microchromosomes, with 
rare interchromosomal change (e.g. in ostrich and bud-
gerigar lineages); this is discussed in depth in the next 
section. Of the species examined, it seemed that chicken 
had the least number of chromosomal rearrangements 
compared to the dinosaur ancestor. From Evolution 
Highway it is also possible to assess rates of chromo-
somal evolution in birds. Zhang G et al. [2014b] suggest 
that birds have a lower chromosomal rearrangement 
rate than mammals but nonetheless can undergo ‘bursts’ 
of rearrangement, e.g. during the evolution of vocal 
learning. This finding corroborates those of Romanov et 
al. [2014] that identified the zebra finch and budgerigar 
as the 2 species with the most chromosomal rearrange-
ments from the avian ancestor.
 If we accept that chicken and its galliform relatives un-
derwent the least number of chromosomal changes whilst 
diverging from the ancestral bird, we also must consider 
whether they also have undergone the fewest phenotypic 
changes. In other words: is the dinosaur avian ancestor 
more like a land fowl than any other bird? The most an-
cient near-certain fossil representative of modern birds 
(Neornithes) was almost certainly aquatic (for example, 
 Vegavis , a genus of birds from the Late Cretaceous epoch) 
and has been identified as a Galloanseres. Indeed, the ear-
liest known bird-like creatures in the fossil record (e.g. the 
Ornithurae  Gansus ) were either fully aquatic or at least 
amphibious, and it has been suggested that, due to the fact 
that they had webbed feet (as well as other traits), they 
were more like ducks [Romanov et al., 2014]. On the oth-
er hand, most authors agree that the dinosaur ancestors 
of birds were terrestrial, feathered, bipedal, relatively 
small and with limited flying ability – not unlike a chick-
en. At best we can determine therefore, the ancestral birds 
were most likely more phenotypically associated with the 
Galloanseres, and the confusion of whether they were 
more akin to water- or land fowl may be due to interpre-
tations based on depositional sampling biases, limited 
understanding of functional anatomy, and whether the 
individuals that have been discovered are actually fully 
representative of the groups to which they belonged. 
Chromosomal evidence provides an independent record 
of the functional material of inheritance in living birds 
and, as such, can complement a fossil record that is always 
likely to be incomplete.
 Of all species studied so far, it seems clear that the re-
arrangement of chromosomes is non-random [Pevzner 
and Tesler, 2003; Larkin et al., 2009]. The reasons for this 
non-random nature warrant deeper investigation. Ac-
cording to mammalian evidence, evolutionarily con-
served HSBs appear to evolve in different ways from the 
dynamic and ever-changing EBRs; whether this is true of 
birds remains to be seen. In mammals, chromosomal 
breakpoints are correlated with sequences of segmentally 
duplicated or repetitive DNA [Bovine Genome Sequenc-
ing and Analysis Consortium et al., 2009; Larkin et al., 
2009; Groenen et al., 2012; Ruiz-Herrera et al., 2012], and 
species-specific EBRs are correlated with regions en-
riched for transposable elements (TEs) [Bovine Genome 
Sequencing and Analysis Consortium et al., 2009; 
Groenen et al., 2012]. In mammals, EBRs and HSBs large-
ly contain genes with notably different functional ontolo-
gies, e.g. organismal development in HSBs [Larkin et al., 
2009] and lineage-specific biology and adaptive features 
in EBRs [Bovine Genome Sequencing and Analysis Con-
sortium et al., 2009; Larkin et al., 2009; Groenen et al., 
2012]. It has been suggested therefore that chromosome 
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tained within HSBs and EBRs help to explain lineage-spe-
cific phenotypes in mammals. Mammalian and avian ge-
nomes are very different however (not least because of the 
interchromosomal stability of avian genomes), and thus 
the question remains about whether the patterns that 
have been observed in mammals will apply to birds also. 
Birds have less repetitive DNA through the elimination 
of repetitive sequences [International Chicken Genome 
Sequencing Consortium, 2004; Shedlock, 2006; Zhang G 
et al., 2014b] so that the avian genome is constrained by 
size, primarily because of gene loss as well as lineage-spe-
cific erosion of repetitive elements and large segmental 
deletions. In addition to their karyotypic stability, bird 
genomes also have a very high degree of evolutionary sta-
sis at nucleotide sequence and gene synteny levels. None-
theless, one of the key findings was the detection of non-
neutral evolutionary changes in functional genes as well 
as non-coding regions. Many of these changes coincide 
with adaptations to different lifestyles and niches and dis-
play homoplasy [Zhang G et al., 2014b].
 The non-random nature of chromosome rearrange-
ment in birds, the reasons for the apparent interchromo-
somal (but not intrachromosomal) stability of avian 
karyotypes (see next section), the role of TEs and NAHR, 
the relationship to phenotype, the question of whether 
spatial organization of ancestral gene networks is main-
tained in bird and other reptile lineages, and the question 
of whether lineage-specific EBRs alter gene order in net-
works that had adaptive value, all require further investi-
gation. Harnessing the data from over 50 avian genomes 
(undoubtedly with many more on the way) and employ-
ing tools such as Evolution Highway will give us unprec-
edented insight into avian chromosome evolution and its 
relationship to avian biology.
 Why Is the Avian Karyotype Structure Conserved 
Inter- but Not Intrachromosomally? 
 Burt’s ‘fission-fusion’ hypothesis suggested that most 
avian microchromosomes became fixed in the common 
dinosaur ancestor with a karyotype of 2n  ≈ 60 including 
20 microchromosome pairs [Burt, 2002]. The remainder, 
including the smallest, probably was created by further 
fission. Romanov et al. [2014] suggested that a basic pat-
tern of 2n = 80 ( ∼ 30 microchromosome pairs) was fixed 
before the Palaeognathae-Neognathae divergence 100 
Mya. The subsequent paucity of intermicrochromosomal 
rearrangements between most Neognathae indicates an 
evolutionary advantage either to retaining this pattern or 
a lack of opportunity for change. For instance, an expla-
nation for such evolutionary stasis might be that the un-
derlying mutational mechanisms of chromosomal chang-
es are fundamentally different in birds compared to other 
amniotes through a lack of adaptive value, rather than 
purifying selection, slowing down the rate of change. 
Much of this could be explained, in part, by a paucity of 
copy number variants (CNVs; including segmental dupli-
cations), recombination hotspots, TEs and/or endoge-
nous retroviruses; however, this would not explain why 
interchromosomal change is rare but intrachromosomal 
change is common, particularly in groups that have un-
dergone rapid speciation such as Passeriformes.
 The rate of chromosome rearrangement (and subse-
quent speciation) depends on: (1) the mutation rate and 
(2) the fixation rate [Burt et al., 1999]. The first of these 
is related to the frequency of homologous sites [Burt, 
2002]. Repeat structures in general (e.g. CNVs), and TEs 
in particular, provide substrates for chromosomal rear-
rangement. In a genome constrained by size, the oppor-
tunity for mutation is reduced and only fission (or intra-
chromosomal change, e.g. inversion) can occur. This 
provides an explanation why (1) avian genomes are more 
fragmented than any other vertebrate (birds have the 
most chromosomes) and (2) why there have been fewer 
interchromosomal rearrangements. There might also be 
advantages to retaining multiple chromosomes in a 
karyotype through the generation of variation, the driver 
of natural selection. That is, a karyotype with more chro-
mosomes leads to a greater number of genetic variants 
that the gametes produce and an increase in recombina-
tion rate due to the fact that there needs to be at least 1 
obligatory chiasma per chromosome. Burt [2002] pro-
posed that a higher recombination rate has also led to the 
features that we most associate with microchromosomes 
(high GC content, low repeats, high gene density, etc.) 
and resulted in the formation and fixation of the arche-
typal avian karyotype with both macro- and microchro-
mosomes and little interchromosomal rearrangement. 
Such a constraint, however, does not preclude rearrange-
ment within the individual chromosomes. Romanov et 
al. [2014] and King [1995] argue that an increase in in-
trachromosomal rearrangement correlates with bursts of 
speciation in birds, perhaps mediated by an increase in 
localized repeat content.
 Some birds nonetheless have a significantly different 
karyotype from the standard 2n  ≈ 80. This can occur 
within one closely related group, e.g. Adélie penguin ( Py-
goscelis adeliae ; 2n = 96) and the emperor penguin ( Ap-
tenodytes forsteri ; 2n = 72) (but both associated with high 
degrees of intermicrochromosomal rearrangement), 
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duce or increase chromosome number in relatively short 
time frames. Comparisons of chromosomal change in the 
zebra finch and the budgerigar suggest that rearrange-
ment rates are similarly high in both groups to which they 
belong (Passeriformes and Psittaciformes, respectively) 
but that the latter is capable of fixing interchromosomal 
rearrangements, while the former is not. The mecha-
nisms underpinning these differences are, as yet, un-
known, but studies of the gene ontology terms of species-
specific EBRs might provide clues. As more avian ge-
nomes with better assemblies are analyzed, this may 
indicate adaptive phenotypic features associated with 
specific gene ontologies typical of individual orders, fam-
ilies or genera.
 The Sex Chromosomes 
 Worthy of especial consideration is the conserved sex 
chromosome ZW system that is present in all birds apart 
from the Palaeognathae. Their independent origin from 
the XY system does not escape the fact that similar mech-
anisms appear to have run in parallel, for instance genes 
on the Z chromosome (like the mammalian X) have un-
dergone selection for male-advantage functions. Like the 
Y chromosome, the W is small (albeit medium-sized by 
avian standards), heterochromatic and gene poor. Graves 
[2014] suggests that the W chromosome is at a more ad-
vanced stage of differentiation than the Y chromosome 
as it has accumulated more LINEs and lost more genes 
during its evolution. Pokorná et al. [2014] considered 
multiple sex chromosomes and meiotic drive in a range 
of amniotes. This study noted that the single ZW system 
in birds contrasts with that of other reptile and amniote 
groups; they raised a very exciting hypothesis that this 
contrast may possibly be related to the differential in-
volvement of sex-specific sex chromosomes in female 
meiosis (females being the heterogametic sex). Early in 
the assembly of the chicken genome, the quality of the 
build of both the Z and W sex chromosomes was very 
poor, and limited studies existed on sex determination. 
Since this, the Z chromosome was painstakingly assem-
bled and sequenced BAC by BAC [Bellott et al., 2010], 
and is now one of the best-assembled chromosomes in 
the chicken genome. The same is now expected for the 
W sex chromosome, which currently is very poorly as-
sembled [Chen et al., 2012]. Zhou Q et al. [2014] con-
clude that the ancestral sex chromosome organization is 
closer to that of the Palaeognathae (ostrich and emu) and 
demonstrated that there is less degradation of the sex 
chromosomes and a closer synteny with non-avian rep-
tile species.
 Copy Number Variation 
 Redon et al. [2006] first highlighted the impact of CNV 
in the human genome. This seminal study heralded a new 
era in cytogenetics and has subsequently been applied to 
many other species and groups including birds. Skinner 
et al. [2014] provided a global overview of apparent cross-
species CNVs in birds using cross-species array-CGH. 
Griffin and Burt [2014] pointed out issues of definition in 
that ‘copy number variation’, strictly speaking, refers to 
polymorphisms  within a species . The question arises 
therefore whether results of cross-species array-CGH 
represent genuine variation in copies of orthologous 
genes between species. Skinner et al. [2014] stated that 
‘difference in gene copy number between species is a 
question of gene duplication, segmental duplications etc. 
and may be driven by expansion and contraction of para-
logs within different gene families.’ Nonetheless, this pa-
per provided a broad appraisal of apparent cross-species 
CNVs in 16 avian species. Microchromosomes appear to 
have more apparent CNVs than macrochromosomes. In-
deed, in species with microchromosomal fusions such as 
Falconiformes, the fused ‘former microchromosomes’ 
still retained their ancestral features such as a higher de-
gree of cross-species CNVs. Skinner et al. [2014] reported 
that  ∼ 50% of the apparent cross-species CNVs overlap 
with known chicken-specific CNVs. In terms of gene on-
tology, there appears to be a general enrichment in im-
mune response and antigen presentation genes as well as 
5 CNV regions perfectly correlated with the unique loss 
of sexual dichromatism. More specifically, there were also 
suggestions of CNVs involved in diet in turkey (proteo-
lytic digestion/degradation of trypsin inhibitors), and 
correlation of the unique migratory behaviour of com-
mon quail among fowl through the following genes:
 OBSCN associated with hypertrophy of myofibrils, and 
 MAPK8IP3 implicated in respiratory gaseous exchange 
[Skinner et al., 2014]. There were also suggestions of an 
association with muscle activity in falcons through the 
gain of  MYOZ3 , preferentially expressed in fast-twitch 
myofibers and skeletal muscle and an association be-
tween immune function in the common quail  (Coturnix 
coturnix) and silver pheasant  (Lophura nycthemera) 
 (LEAP2 and ITCH) as well as homeotic genes in common 
pheasant and California quail  (SCML2 and  DLX5) . Final-
ly, Skinner et al. [2014] identified cross-species CNVs as-
sociated with brain development and neuronal function 
in turkey (e.g. loss of  CTXN1 ), common quail (gain of 
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 The most recent advances in avian cytogenetics have 
culminated in great promise not only for the study of bird 
karyotypes, but also for providing insight into the mech-
anisms of chromosome evolution in general. New ave-
nues for investigation include gene regulation; for in-
stance, it will become necessary to map accurately the 
physical location of polyadenylation and transcription 
start sites, important reference points that define promot-
ers and post-transcriptional regulation. It will also be-
come possible to sequence full-length transcripts, to allow 
accurate identification of alternate splicing events and 
their controlling elements. The ENCODE (Encyclopedia 
of DNA Elements) project has helped to define function-
al elements of the human genome, including those afore-
mentioned as well as other chromatin signals, e.g. active 
chromatin, enhancers, insulators, methylation domains, 
etc. An effort of agENCODE is underway to include agri-
culturally important birds such as chicken, turkey, duck, 
quail, and perhaps ostrich. The study of cytogenetics will 
be essential here in helping to define higher-order struc-
tures in nuclear organization that show regulatory inter-
actions within and between chromosomes. Finally, re-
construction of evolutionary events allows us to study ge-
nome organization and function not only in extant but, 
by extrapolation, in extinct species also. Reconstruction 
of avian-reptilian ancestral karyotypes will allow us to de-
fine chromosomal rearrangements in long-dead species 
that have captured the public imagination. Here be drag-
ons!
 Hypermethylated Chromosome Regions in Chicken 
and Other Birds 
 (Prepared by M. Schmid, C. Steinlein, A.-S. Schneider, 
I. Nanda, and T. Haaf)
 The advent of specific antibodies against the different 
nucleosides and nucleotides has promoted direct cytoge-
netic analyses of the various DNA classes along eukaryote 
chromosomes. These antibodies were first produced by 
the group of Bernard F. Erlanger some decades ago [Er-
langer and Beiser, 1964; Garro et al., 1968; Sawicki et al., 
1971; Erlanger et al., 1972]. They were produced by im-
munizing rabbits to bovine serum albumin (BSA) conju-
gated to one of the DNA bases. The antibodies are reac-
tive with the BSA conjugate used to induce them and also 
with single-stranded DNA [Erlanger and Beiser, 1964]. 
They are highly specific for the base and show little or no 
cross-reaction with the other bases. Over the years, a se-
ries of such polyclonal antibodies were produced, with 
specificities for a number of nucleosides, nucleotides and 
dinucleotides [Dev et al., 1972; Erlanger et al., 1972; Mil-
ler, 1973]. In the early 1990s, the first monoclonal anti-
bodies against 5-methylcytosine (5-MeC) and other 
modified nucleosides were produced [Reynaud et al., 
1992] and subsequently used for chromosome staining 
[Barbin et al., 1994; Miniou et al., 1994; Montpellier et al., 
1994; Bernardino et al., 1996].
 Of special interest were antisera specific for 5-MeC 
which were initially applied by the group of Orlando J. 
Miller to the chromosomes of several mammalian spe-
cies, including human, chimpanzee, gorilla, cattle, mouse, 
and kangaroo rat [Miller et al., 1974; Schreck et al., 1974, 
1977; Schnedl et al., 1975, 1976]. Using an immunofluo-
rescence technique and anti-5-MeC antibodies, they 
showed that methylated DNA can be detected in fixed 
metaphase chromosomes after they have been UV-irra-
diated to generate regions of single-stranded DNA. In 
these species, the methylated regions corresponded to the 
locations of repetitive DNA, i.e. to the heterochromatic 
regions of all or a subset of the chromosomes in the karyo-
types. Subsequently, this technique was applied to chro-
mosomes of further mammalian species [Vasilikaki-Ba-
ker and Nishioka, 1983; Bernardino et al., 2000] and to 
human chromosomes [Barbin et al., 1994; Montpellier et 
al., 1994; Bernardino et al., 1996; Kokalj-Vokac et al., 
1998], even including cases of inherited chromosome ab-
errations [Breg et al., 1974] and leukemia cell lines [Ben-
saada et al., 1998].
 With one exception [Grützner et al., 2001], no immu-
nofluorescence studies on the distribution of hypermeth-
ylated regions in bird chromosomes have been published. 
The present report is a brief summary of the results ob-
tained for avian chromosomes in an ongoing project on 
the hypermethylation patterns in vertebrate chromo-
somes [Schmid et al., in preparation].
 Mitotic chromosomes of 13 species from 7 orders, be-
longing to both modern (Neognathae) and primitive (Pa-
laeognathae) birds ( table 13 ), were prepared from embry-
onic or skin fibroblast cell cultures following standard 
techniques (colcemid treatment, exposure to hypotonic 
solution, fixation with methanol:acetic acid). Hypermeth-
ylated DNA was detected by indirect immunofluores-
cence using a monoclonal antibody against 5-MeC. In 
double-stranded DNA, the methyl groups are hidden in 
the phosphodiester backbone of the double helix and not 
accessible to the antibody. The anti-5-MeC antibody rec-
ognizes and binds to its target only if the DNA is in the 
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Most recent initiatives to sequence and assemble new species’ genomes de-novo fail to 2 
achieve the ultimate endpoint to produce a series of contigs, each representing one whole 3 
chromosome. Even the best-assembled genomes (using contemporary technologies) consist 4 
of sub-chromosomal sized scaffolds. To circumvent this problem, we developed a novel 5 
approach that combines computational algorithms to merge scaffolds into chromosomal 6 
fragments, scaffold verification by PCR and physical mapping to chromosomes. Multi-7 
genome-alignment-guided probe selection led to the development of a set of universal avian 8 
BAC clones that permit rapid anchoring of multiple scaffold loci to chromosomes on all avian 9 
genomes. As proof of principle we assembled genomes of the pigeon (Columbia livia) and 10 
peregrine falcon (Falco peregrinus) to chromosome level comparable, in continuity, to avian 11 
reference genomes. Both species are of interest for breeding, cultural, food and/or 12 
environmental reasons. Pigeon has a typical avian karyotype (2n=80) while falcon (2n=50) is 13 
highly rearranged compared to the avian ancestor. Using chromosome breakpoint data, we 14 
established that avian interchromosomal breakpoints appear in the regions of low density of 15 
conserved non-coding elements (CNEs) and that the chromosomal fission sites are further 16 
limited to long CNE “deserts”. This corresponds with fission being the rarest type of 17 
rearrangement in avian genome evolution. High-throughput multiple hybridization and rapid 18 
capture strategies using the current BAC set provide the basis for assembling numerous avian 19 
(and possibly other reptilian) species while the overall strategy for scaffold assembly and 20 




The ability to sequence complex animal genomes quickly and cheaply has initiated numerous 2 
genome projects beyond those of agricultural/medical importance (e.g., Hu et al. 2009; 3 
Groenen et al. 2012) and inspired ambitious undertakings to sequence thousands of species 4 
(Zhang et al. 2014a; Koepfli et al. 2015). De novo genome assembly efforts ultimately aim to 5 
create a series of contigs, each representing a single chromosome, from p- to q- terminus 6 
(“chromosome level” assembly). Assembling genomes using next generation sequencing 7 
(NGS) technology however typically relies on integration of the NGS data with a pre-existing 8 
chromosome-level reference assembly built with previous sequencing/mapping technologies 9 
(Larkin et al. 2012). Indeed, use of short read NGS data rarely produces assemblies at a 10 
similar level of integrity as those provided by traditional methodologies because of: a) an 11 
inability of NGS to generate long error-free contigs or scaffolds to cover chromosomes 12 
completely; and b) a paucity of inexpensive mapping technologies to upgrade NGS genomes 13 
to chromosome level. Even for projects with sufficient read-depths and long insert libraries, 14 
software algorithms at best, produce sub-chromosomal sized “scaffolds” requiring physical 15 
mapping to assemble chromosomes. Newer technologies such as optical mapping (Teague 16 
et al. 2010) including BioNano (Mak et al. 2016), Dovetail (Putnam et al. 2016), and PacBio 17 
long read sequencing (Rhoads and Au 2015) provide a long-term solution to this problem. To 18 
date, however, such approaches suffer from multiple limitations: for instance, BioNano contigs 19 
do not extend across multiple DNA nick site regions, centromeres or large heterochromatin 20 
blocks while PacBio sequencing requires hundreds of micrograms of high molecular weight 21 
DNA which is often not easy to obtain. 22 
 23 
Bioinformatic approaches, e.g., the Reference-Assisted Chromosome Assembly (RACA; Kim 24 
et al. 2013), were developed to approximate near chromosome-sized fragments for a de novo 25 
assembled NGS genome. Their use, however, requires a genome from the same phylogenetic 26 
order of the target species being assembled to chromosomes (Kim et al. 2013), sequencing 27 
of long-insert libraries and, at best, produces sub-chromosome sized predicted chromosome 28 
 4 
 
fragments (PCFs) that require further verification and subsequent chromosome assembly. 1 
RACA applied to the Tibetan antelope and blind mole rat genomes significantly improved 2 
continuities of these assemblies but they still contain more than one large PCF for most 3 
chromosomes (Kim et al. 2013; Fang et al. 2014). 4 
 5 
A dearth of chromosome-level assemblies for nearly all newly sequenced genomes limits their 6 
use for critical aspects of evolutionary and applied genomics. Chromosome-level assemblies 7 
are essential for species that are regularly bred (e.g., for food or conservation) because a 8 
known order of DNA markers facilitates establishment of phenotype-to-genotype associations 9 
for gene-assisted selection and breeding (Andersson and Georges 2004). While such 10 
assemblies are established for popular livestock species, they are not available for those 11 
species widely used in developing countries (e.g., camels, yaks, buffalo, ostrich, quail) or 12 
species bred for conservation reasons (e.g., falcons). Chromosome-level information is 13 
essential for addressing basic biological questions pertaining to overall genome (karyotype) 14 
evolution and speciation (Lewin et al. 2009). Karyotype differences between species arise 15 
from DNA aberrations in germ cells that were fixed throughout evolution. These are associated 16 
with repetitive sequences used for non-allelic homologous recombination (NAHR) in 17 
evolutionary breakpoint regions (EBRs) where ancestral chromosomes break and/or combine 18 
in descendant species genomes (Murphy et al. 2005). An alternative theory however, suggests 19 
that proximity of DNA regions in chromatin is the main driver of rearrangements and repetitive 20 
sequences play a minor role (Branco and Pombo 2006). Regardless of the mechanism, 21 
comparisons of multiple animal genomes show that, between EBRs, are evolutionary stable 22 
homologous synteny blocks (HSBs). Our studies in mammals (Larkin et al. 2009) and birds 23 
(Farré et al. 2016) suggest that at least the largest HSBs are maintained non-randomly and 24 
are highly enriched for conserved non-coding elements (CNEs) many of which are gene 25 
regulatory sequences and miRNA (Zhang et al. 2014b). We recently hypothesized that a 26 
higher fraction of elements under negative selection involved in gene regulation and 27 
chromosome structure in avian genomes (~7%) (Zhang et al. 2014b) compared to mammals 28 
 5 
 
(~4%) (Lindblad-Toh et al. 2011) could contribute to some avian-specific phenotypes and the 1 
evolutionary stability of most avian karyotypes (Farré et al. 2016). Whilst a high density of 2 
CNEs in avian multi-species (ms)HSBs supports this hypothesis (Farré et al. 2016) a more 3 
definitive answer might be obtained by examining the fate of CNEs in the “interchromosomal 4 
EBRs” (flanking interchromosomal rearrangements) of an avian genome with a highly 5 
rearranged karyotype. 6 
 7 
In this study we focused on two avian genomes. The first, the peregrine falcon (Falco 8 
peregrinus) has an atypical karyotype (2n=50) (Nishida et al. 2008). Its ability to fly at speeds 9 
>300 km/h and its enhanced visual acuity make it the fastest predator on Earth (Tucker et al. 10 
1998). A prolonged period of extinction risk due to persecution around the World War II and 11 
secondary poisoning from organochlorine pesticides (e.g., DDT) in the 1950s-60s (Ferguson-12 
Lees and Christie 2005) led to its placement on the CITES list of endangered species. The 13 
second avian genome that was focused on here, the pigeon (Columba livia) has a typical avian 14 
karyotype (2n=80) similar to those of reference avian genomes: chicken, turkey and zebra 15 
finch. Pigeon is one of the earliest examples of domestication in birds (Driscoll et al. 2009) 16 
contemporarily used as food and in sporting circles (Price 2002). Pigeon breeds can vary 17 
significantly in appearance with color, pattern, head crest, body shape, feathers, tails, 18 
vocalization and flight display variations (Price 2002) inspiring considerable interest in 19 
identifying the genetic basis for these variations (Stringham et al. 2012; Shapiro et al. 2013). 20 
For the above reasons, both species genomes were sequenced (Shapiro et al. 2013; Zhan et 21 
al. 2013), however their assemblies are highly fragmented and chromosome-level assemblies 22 
are thus essential.  23 
 24 
The objective of this study was therefore to develop a novel, inexpensive, transferrable 25 
approach to upgrade two fragmented genome assemblies (pigeon and falcon) to the 26 
chromosome level and to use them to address fundamental biological questions related to 27 
avian genome evolution. The method combines computational algorithms for ordering 28 
 6 
 
scaffolds into PCFs, verification of scaffolds by PCR and physical mapping directly to 1 
chromosomes with a universal set of avian bacterial artificial chromosome (BAC) probes. 2 
Studying a highly rearranged genome (falcon) compared to the avian ancestor sheds light on 3 




Our method involves: (1) the construction of PCFs for fragmented assemblies based on the 2 
comparative and sequence read data implemented in the RACA algorithm; (2) PCR and 3 
computational verification of a limited number of scaffolds that are essential for revealing 4 
species-specific chromosome structures; (3) creation of a refined set of PCFs; (4) the use of 5 
a panel of “universal” BAC clones to anchor PCFs to chromosomes in a high-throughput 6 
manner (Fig. 1). 7 
 8 
Figure 1. Methodology for the placement of the PCFs on chromosomes. (A) dual-color FISH 9 
of universal BAC clones, (B) cytogenetic map of the falcon chromosome 8 (FPE8) with 10 
indication of the relative positions of the BAC clones along the chromosome, and (C) 11 
assembled chromosome containing PCFs 7a, 7b and 13b_13a. Blue blocks indicate positive 12 
(+) orientation of tracks compared to the falcon chromosome, red blocks indicate negative (-) 13 
orientation and grey blocks show unknown (?) orientation.  14 
 8 
 
Construction of PCFs from fragmented assemblies 1 
Predicted chromosome fragments were generated for fragmented falcon and pigeon whole-2 
genome sequences using RACA (Kim et al. 2013). For falcon, the zebra finch chromosome 3 
assembly was used as reference (divergence 62 MYA) and the chicken genome as outgroup 4 
(divergence 96 MYA). We generated a total of 113 PCFs with N50 of 27.44 Mb (Table 1). For 5 
pigeon (>70 MY divergence from both the chicken and zebra finch), chicken was used as 6 
reference and zebra finch as outgroup because: a) fewer pigeon scaffolds were split in this 7 
configuration (Supplemental Table S1) and b) due to the high similarity of pigeon and chicken 8 
karyotypes (Derjusheva et al. 2004). This resulted in 150 pigeon PCFs with N50 of 34.54 Mb 9 
(Table 1). These initial PCF sets contained 72 (15.06%) and 78 (13.64%) scaffolds, for falcon 10 
and pigeon respectively, that were split by RACA due to insufficient read and/or comparative 11 
evidence to support their structures. 12 
 13 
Table 1. Scaffold-based RACA assemblies for peregrine falcon and pigeon. 14 














No. scaffolds (≥ 10 kb)   723    478    478   1,081    572    572 
No. PCFs NA    113      93     NA    150    137 
Total length (Gb) 1.17   1.14   1.14     1.10   1.07   1.07 
N50 (Mb) 3.94 27.44 25.82     3.15 34.54 22.17 
Fraction of scaffold assembly (%) NA 97.17 97.17     NA 95.86 95.86 
No. scaffolds split by RACA NA 72 (15.062) 15 (3.142)     NA 78 (13.642) 20 (3.502) 
1RACA assembly after the use of adjusted coverage thresholds and post-processing of 15 
scaffolds verified by PCR. 16 
2Percentage of all scaffolds included in the RACA assembly. 17 
 18 
Verification of scaffolds essential for revealing species-specific chromosome 19 
architectures 20 
All scaffolds split by RACA contained structural differences between the target and reference 21 
chromosomes, suggesting their importance for revealing the architecture of target species 22 
 9 
 
chromosomes. The structures of these scaffolds were tested by PCR amplification across all 1 
the split regions defined to <6 kb in the target species scaffolds. Of these, 41 (83.67%) and 2 
58 (84.06%) resulted in amplicons of expected length in pigeon and falcon genomic DNA, 3 
respectively (Supplemental Table S2). For the split regions with negative PCR results we 4 
tested an alternative (RACA-suggested) order of the flanking syntenic fragments (SFs). Out 5 
of these, amplicons were obtained for 2/4 in falcon and 7/7 in pigeon, confirming the chimeric 6 
nature of the original scaffolds properly detected in these cases (Supplemental Table S2). To 7 
estimate which of the remaining split regions (>6 kb; 36 in falcon and 40 in pigeon PCFs) were 8 
likely to be chimeric, we empirically identified two genome-wide minimum physical coverage 9 
(Meyerson et al. 2010) levels, one for falcon and one for pigeon, in the SFs joining regions for 10 
which (and higher) the PCR results were most consistent with RACA predictions. If the new 11 
thresholds were used in RACA without additional scaffold verification (e.g., by PCR) or 12 
mapping data, they would lead to splitting of nearly all scaffolds with large structural 13 
misassemblies in falcon and ~6% of them would still be present in pigeon PCFs. The number 14 
of scaffolds containing real structural differences with the reference chromosomes that would 15 
still be split by RACA was estimated as ~56% in the falcon and ~43% in pigeon PCFs 16 
(Supplemental Table S2). To reduce the number of the real structural differences split in the 17 
final PCF set, PCR verification of selected scaffolds and use of independent (cytogenetic) 18 
mapping have been introduced.  19 
 20 
Creation of a refined set of pigeon and falcon PCFs  21 
For new reconstructions the adjusted physical coverage thresholds were used. In addition, we 22 
kept intact those scaffolds confirmed by PCR, but split those shown to be chimeric and/or 23 
disagreeing with the cytogenetic map (see below) resulting in a total of 93 PCFs with N50 24 
25.82 Mb for falcon and 137 PCFs with N50 of 22.17 Mb for pigeon, covering 97.17% and 25 
95.86% of the original scaffold assemblies, respectively (Table 1). The falcon RACA assembly 26 
contained six PCFs homeologous to complete zebra finch chromosomes (TGU4A, 9, 11, 14, 27 
 10 
 
17 and 19) while five pigeon PCFs were homeologous to complete chicken chromosomes 1 
(GGA11, 13, 17, 22 and 25). Only 3.50% of the original scaffolds used by RACA were split in 2 
pigeon and 3.14% in falcon final PCFs (Table 1). The accuracy for the PCF assembly was 3 
estimated as ~85% for falcon and ~89% for pigeon based on the ratio of the number of SFs 4 
to the number of scaffolds (Kim et al. 2013). 5 
 6 
Construction of a panel of comparatively anchored BAC clones designed to hybridize 7 
in phylogenetically divergent avian species and link PCFs to chromosomes 8 
Initial experiments on cross-species BAC mapping using FISH on five avian species with 9 
divergence times between 23 and 96 MY revealed highly varying success rates (21-94%), with 10 
hybridizations more likely to succeed on species closely related to that of the BAC origin (Table 11 
2). To minimize the effect of evolutionary distances between species on hybridizations, 12 
genomic features that were likely to influence hybridization success were measured in 13 
chicken, zebra finch and turkey BAC clones (Supplemental Tables S3, S4). The classification 14 
and regression tree approach (CART; Loh 2011) was applied to the 101 randomly-selected 15 
BAC clones (Table 2). The obtained classification shows 87% agreement with FISH results 16 
(Supplemental Fig. S1). Correlating DNA features with actual cross-species FISH results led 17 
us to develop the following criteria for selection of chicken or zebra finch BAC clones very 18 
likely to hybridize on metaphase preparations of phylogenetically distant birds (>72 MY of 19 
divergence): the BAC had to have ≥93% DNA sequence alignable with other avian genomes 20 
and contain at least one conserved element (CE) ≥300 bp. Instead of a long CE, the BAC 21 
could contain only short repetitive elements (<1290 bp) and CEs of at least 3 bp long 22 
(Supplemental Fig. S1; Supplemental Table S4). The hybridization success rate with distant 23 
avian species for the set of newly selected clones obeying these criteria was high (71-94%; 24 
Table 2). The success rates for the selected chicken BAC clones only ranged from 90% to 25 
94%. From these chicken clones, 84% hybridized with chromosomes of all avian species in 26 




As a final result, we generated a panel of 121 BAC clones spread across the avian genome 1 
(GGA 1-28 +Z (except 16)) that successfully hybridized across all species attempted. The 2 
collection was supplemented by a further 63 BACs that hybridized on the metaphases of at 3 
least one species that was considered phylogenetically distant (i.e. >72 MY) and a further 33 4 
that hybridized on at least one other species (Fig. 2; Supplemental Table S5). 5 
 6 
Table 2. Comparison of zoo-FISH success rate for random and selected set of BAC clones. 7 
  Chicken BAC clones  Zebra finch BAC clones 
   Success rate (%)   Success rate (%) 
 
Divergence Random set Selected set 
Ratio 
 Divergence Random set Selected set 
Ratio 
time (MY) N = 53 N = 99  time (MY) N = 48 N = 24 
Chicken NA NA NA NA  95.88 58.33 75.00 1.29 
Turkey 23.47 88.68     100.00 1.13  95.88 54.17 83.33 1.54 
Pigeon 95.88 26.42       91.92 3.48  73.87 68.75 70.83 1.03 
Peregrine falcon 95.88 47.17       93.94 1.99  62.22 93.75 91.67 0.98 
Zebra finch 95.88 20.75       90.91 4.38  NA NA NA NA 
 8 
Physical assignment of refined PCFs on the species’ chromosomes 9 
In order to place and order PCFs along chromosomes, BAC clones from the panel described 10 
above and assigned to PCFs based on alignment results were hybridized to falcon (177 11 
clones) and pigeon (151 clones) chromosomes (Table 3). The 57 PCFs cytogenetically 12 
anchored to the falcon chromosomes represented 1.03 Gb of its genome sequence (88% of 13 
the cumulative scaffold length). Of these, 735.94 Mb were oriented on the chromosomes 14 
(Table 3; Supplemental Table S6). The pigeon chromosome assembly consisted of 0.91 Gb 15 
in 60 pigeon PCFs representing 82% of the combined scaffold length. Of these 687.59 Mb 16 
were oriented (Table 3; Supplemental Table S7). Comparative visualizations of both newly 17 
assembled genomes are available from the Evolution Highway comparative chromosome 18 




Figure 2. Distribution of universal BAC clones along chicken chromosomes. Each rectangle 2 
represents a chicken chromosome and the lines inside the location of each BAC clone. BAC 3 
clones are colored accordingly to the maximum phylogenetic distance of the species they 4 
successfully hybridized. The distribution of spacing between all these BAC clones is shown 5 
on the Supplemental Fig. S3.  6 
 7 
Table 3. Statistics for the chromosome assemblies of peregrine falcon and pigeon.  8 
 Statistics Peregrine falcon Pigeon 
No. informative BAC clones      177      151 
No. PCFs placed on chromosomes        57        60 
   Combined length (Gb)          1.03          0.91 
   PCF assembly coverage (%)        90.03        85.23 
   Scaffold assembly coverage (%)        87.55        81.70 
No. oriented PCFs        26        26 
   Combined length (Mb)      735.94      687.59 
 13 
 
Pigeon chromosome assembly 1 
No deviations from the standard avian karyotype (2n=80) were detected for pigeon with each 2 
mapped chromosome having an appropriate single chicken and zebra finch homeologue. 3 
Compared to chicken, the only interchromosomal rearrangement identified was the ancestral 4 
configuration of GGA4 found as two separate chromosomes in pigeon and other birds 5 
(Derjusheva et al. 2004; Hansmann et al. 2009; Modi et al. 2009) (Fig. 3A; http://eh-6 
demo.ncsa.uiuc.edu/birds). Nonetheless, 70 intrachromosomal EBRs in the pigeon lineage 7 
were identified (Supplemental Table S8).    8 
 9 
Falcon chromosome assembly 10 
Homeology between the chicken and the falcon was identified for all mapped chromosomes 11 
with the exception of GGA16 and GGA25 (Fig. 3B; http://eh-demo.ncsa.uiuc.edu/birds). In 12 
total, 13 falcon-specific fusions and six fissions were detected (Supplemental Table S8). Each 13 
of the chicken largest macrochromosome homeologues (GGA1 to GGA5) were split across 14 
two falcon chromosomes. Both GGA6 and GGA7 homeologues were found as single blocks 15 
fused with other chicken chromosome material within falcon chromosomes. Among the other 16 
chicken macrochromosomes, only GGA8 and GGA9 were represented as individual 17 
chromosomes. Of the 17 mapped chicken microchromosomes, 11 were fused with other 18 
chromosomes. A total of 69 intrachromosomal EBRs were detected in the falcon lineage 19 






Figure 3. Ideogram of pigeon (A) and peregrine falcon (B) chromosomes. Numbered 1 
rectangles represent chromosomes and colored blocks inside represent regions of homeology 2 
with chicken chromosomes. Lines within colored blocks represent block orientation. Pigeon 3 
chromosomes 1-9 and Z were numbered according to Hansmann et al., 2009 and the 4 
remaining chromosomes according to their chicken homeologues. Falcon chromosomes 1-13 5 
and Z were numbered accordingly to Nishida et al., 2008. The remaining chromosomes were 6 
numbered by decreasing combined length of the placed PCFs. Triangles above the falcon 7 
chromosomes point to the positions of falcon-specific fusions and below chromosomes 8 
demarcate the positions of fissions. Black filling within the triangles point to the EBR 9 
boundaries used in the CNE analysis. 10 
 11 
Fate of CNEs in avian inter- and intrachromosomal EBRs 12 
The falcon chromosome assembly provided us with a set of 19 novel interchromosomal EBRs 13 
not previously found in published avian chromosome assemblies (Fig. 3B; Supplemental 14 
Table S8). To investigate the fate of CNEs in avian EBRs, we calculated densities of avian 15 
CNEs in the chicken chromosome regions corresponding to the chicken, falcon, pigeon, 16 
flycatcher and zebra finch intrachromosomal and interchromosomal EBRs defined to ≤100 kb 17 
in the chicken genome (Fig. 4; Supplemental Table S9). Avian EBRs had significantly lower 18 
fraction of CNEs than their two adjacent chromosome intervals of the same size each (up- and 19 
downstream (p-value = 3.35e-07; Supplemental Table S10)). Moreover, the interchromosomal 20 
EBRs (fusions and fissions) had on average ~12 times lower density of CNEs than the 21 
intrachromosomal EBRs (p-value = 2.40e-05; Supplemental Table S10). The lowest density 22 
of CNEs was observed in the fission breakpoints (p-value = 0.04; Fig. 6, Supplemental Table 23 




Figure 4. Average fraction of bases within conserved non-coding elements (CNEs) in avian 2 
EBRs and two flanking regions upstream (-) and downstream (+). 3 
 4 
To identify CNE densities and the distribution associated with avian EBRs at the genome-wide 5 
level, we counted CNE bases in 1 kb windows overlapping EBRs and avian msHSBs >1.5 Mb 6 
(Farré et al. 2016). The average density of CNEs in the EBR windows was lower (0.02) than 7 
in msHSBs (0.11). The density of CNEs in the fission EBRs was the lowest observed, zero 8 
CNE bases (‘zero CNE windows’), while in the intrachromosomal EBRs the highest among 9 
the EBR regions (0.02; Supplemental Table S11). The genome-wide CNE density was 0.09, 10 
closer to the density observed in msHSBs. Of ~347 Mb of the chicken genome found in the 11 
‘zero CNE windows’ 0.5% were associated with EBRs and 15% with msHSBs. To investigate 12 
if these intervals are distributed differently in the breakpoint and synteny regions we compared 13 
distances between the ‘zero CNE windows’ and the closest window with the average msHSB 14 
CNE density or higher in EBRs, msHSBs, and genome-wide. The median of the distances 15 
between these two types of windows was the lowest in the msHSBs (~4 kb), intermediate in 16 
the intrachromosomal (~19 kb) and fusion EBRs (~23 kb), and highest in the fission EBRs 17 
(~35 kb) (Supplemental Table S12). All these values were significantly different from the 18 
genome-wide average distance of ~6 kb (p-values <2.2e-16) and also significantly different 19 





















In this study we present a novel approach to upgrade sequenced animal genomes to the 2 
chromosome level. We thereafter generated such assemblies for two previously published but 3 
highly fragmented avian genomes. The resulting chromosome level assemblies contain >80% 4 
of the genomes and, in continuity are comparable to those obtained by combining the 5 
traditional sequencing and mapping techniques (Deakin and Ezaz 2014) but require much less 6 
cost and resource. The design and use of a set of BAC probes intended to work equally well 7 
on a large number of diverged avian species created a resource for physical mapping that is 8 
transferrable to multiple species. Finally, through these new assemblies, we were able to gain 9 
insight into overall genome organization and evolution in birds. 10 
 11 
Molecular and cytogenetic studies to date, suggest that the majority of avian genomes remain 12 
remarkably conserved in terms of chromosome number (in 60-70% of species 2n=~80) and 13 
that interchromosomal changes are relatively rare (Griffin et al. 2007; Schmid et al. 2015). 14 
Exceptions include representatives of Psittaciformes (parrots), Sphenisciformes (penguins) 15 
and Falconiformes (falcons). This study represents the first reconstruction of a highly 16 
rearranged avian karyotype (peregrine falcon). It demonstrates that fusion is the most common 17 
mechanism of interchromosomal change in this species, with some resulting chromosomes 18 
exhibiting as many as four fused ancestral chromosomes. There was no evidence of reciprocal 19 
translocations and all microchromosomes remained intact, even when fused to larger 20 
chromosomes. Recently we suggested possible mechanisms why avian genomes, with 21 
relatively rare exceptions, remain evolutionarily stable interchromosomally and why 22 
microchromosomes represent blocks of conserved synteny (Romanov et al. 2014; Farré et al. 23 
2016). Absence of interchromosomal rearrangement (as seen in most birds) could either 24 
suggest an evolutionary advantage to retaining such a configuration or little opportunity for 25 
change. A smaller number of transposable elements in avian genomes compared to other 26 
animals would indicate that avian chromosomes indeed have fewer opportunities for 27 
chromosome merging using NAHR, explaining the presence of multiple microchromosomes. 28 
 18 
 
On the other hand, a strong enrichment for avian CNEs in the regions of interspecies synteny 1 
in birds and other reptiles suggests evolutionary advantage of maintaining established synteny 2 
(Farré et al. 2016), implying that fission events should be rare in avian evolution. In this study, 3 
we present the first analysis of a significant number of interchromosomal EBRs by analysis of 4 
the falcon genome, demonstrating that those rare interchromosomal rearrangements that are 5 
fixed in the avian lineage-specific evolution did indeed appear in areas of a low density of 6 
CNEs. This applies to both fission and fusion events. Our results demonstrate moreover that, 7 
to be suitable for chromosomal fission, the sites of interchromosomal EBRs are restricted 8 
further as they need to be significantly more distant from the areas with high CNE density than 9 
the equivalent intervals found in the regions of multispecies synteny, other EBR types, or on 10 
average in the genome. This might also explain why falcon-specific fission breakpoints appear 11 
to be reused in other avian lineages as intrachromosomal EBRs. Study of intrachromosomal 12 
changes in pigeons, falcons (this study) and Passeriform species (Skinner and Griffin 2012; 13 
Romanov et al. 2014) suggests that these events might have a less dramatic effect on cis 14 
gene regulation than interchromosomal events. Indeed, intrachromosomal EBRs appear in 15 
regions of significantly higher CNE density than interchromosomal EBRs. Why then, do 16 
species such as falcons and parrots undergo wholesale interchromosomal rearrangement 17 
(previously reported), but (according to this study) with fission restricted to a few events and 18 
fusion more common? Absence of positive selection for change in chromosome number (or 19 
lack of templates for NAHR) possibly explains why there was little fixation of any 20 
interchromosomal change among birds in general (Bush et al. 1977; Fontdevila et al. 1982; 21 
Burt et al. 1999; Burt 2002), however why this positive selection has been re-introduced (or 22 
barriers to it have been removed) in selected orders is still a matter of conjecture.   23 
 24 
We have previously reported success with the use of high-gene density and low-repeat 25 
content BAC clones for cross-species hybridization (Larkin et al. 2003; Romanov et al. 2011). 26 
In this study, by combining comparative sequence analysis, targeted PCR and optimized high-27 
throughput cross-species BAC hybridizations we present a chromosome-level assembly 28 
 19 
 
approach that is theoretically applicable to any animal genome. The most obvious 1 
phylogenetic Class on which future efforts should be focused is the mammals. To date only 2 
about 20 of the 5,000 extant species have chromosome level genome assemblies (with 3 
primates, rodents and artiodactyls disproportionally overrepresented) but several hundred 4 
currently being assembled to scaffold level by individual projects or consortia such as 5 
Genome10K (Koepfli et al. 2015). Building a mammalian universal BAC set would be a greater 6 
challenge than in birds as mammalian genomes have more repetitive sequences and are 7 
about three times larger thus more BACs would be needed to achieve the same level of 8 
mapping resolution. On the other hand, the development of advanced mapping and 9 
sequencing techniques (e.g., Dovetail, BioNano or PacBio) will eventually provide an 10 
opportunity to replace RACA PCFs with longer and more complete sub-chromosomal sized 11 
superscaffolds or sequence contigs requiring fewer BACs to anchor them to chromosomes. 12 
The availability of large numbers of high-quality mammalian BAC clone libraries from many 13 
species makes our approach more applicable to mammals than to any other animal group. If 14 
we add the fact that our avian BAC set is showing good success rates on lizard and turtle 15 
chromosomes (unpublished results), building chromosomal assemblies for all vertebrate and 16 
ultimately all animal groups supported by universal collection of BACs is a realistic objective 17 




Avian genome assemblies, repeat masking and gene annotations 2 
The chicken (ICGSC Gallus_gallus 4.0; Hillier 2004), zebra finch (WUGSC 3.2.4; Warren et 3 
al. 2010), and turkey (TGC Turkey_2.01; Dalloul et al. 2010) chromosome assemblies were 4 
downloaded from the UCSC Genome Browser (Kent et al. 2002). The collared flycatcher 5 
(FicAlb1.5; Ellegren et al. 2012) genome was obtained from NCBI. Scaffold-based (N50>2 6 
Mb) assemblies of pigeon, falcon, and 16 additional avian genomes were provided by the 7 
Avian Phylogenomics Consortium (Zhang et al. 2014a). All sequences were repeat-masked 8 
using Window Masker (Morgulis et al. 2006) with -sdust option and Tandem Repeats Finder 9 
(Benson 1999). Chicken gene (version of 27/04/2014) and repetitive sequence (version of 10 
11/06/2012) annotations were downloaded from the UCSC genome browser (Rosenbloom et 11 
al. 2015). Chicken genes with a single ortholog in the human genome were extracted from 12 
Ensembl Biomart (v.74; Kinsella et al. 2011).  13 
 14 
Pairwise and multiple genome alignments, nucleotide evolutionary conservation 15 
scores and conserved elements  16 
Pairwise alignments using chicken and zebra finch chromosome assemblies as references 17 
and all other assemblies as targets were generated with LastZ (v.1.02.00; Harris 2007) and 18 
converted into the UCSC “chains” and “nets” alignment formats with the Kent-library tools 19 
(Kent et al. 2003; Supplemental Methods). The evolutionary conservation scores and DNA 20 
conserved elements (CEs) for all chicken nucleotides assigned to chromosomes were 21 
estimated using PhastCons (Hubisz et al. 2011) from the multiple alignments of 21 avian 22 
genomes (Supplemental Methods). Conserved non-coding elements obtained from the 23 
alignments of 48 avian genomes were used (Farré et al. 2016). 24 
 25 
Reference-assisted chromosome assembly of pigeon and falcon genomes 26 
Pigeon and falcon PCFs were generated using the Reference-Assisted Chromosome 27 
Assembly (RACA; Kim et al. 2013; Supplemental Methods) tool. We chose zebra finch 28 
 21 
 
genome as reference and chicken as outgroup for falcon based on the phylogenetic distances 1 
between the species (Jarvis et al. 2014). For pigeon both chicken as reference and zebra finch 2 
as outgroup and the vice versa experiments were performed as pigeon is phylogenetically 3 
distant from chicken and zebra finch. Two rounds of RACA were done for both species. The 4 
initial run was performed using the following parameters: WINDOWSIZE=10 5 
RESOLUTION=150000 MIN_INTRACOV_PERC=5. Prior to the second run of RACA we 6 
tested the scaffolds split during the initial RACA run using PCR amplification across the split 7 
intervals (see below) and adjusted the parameters accordingly (Supplemental Methods). 8 
 9 
PCR testing of adjacent SFs 10 
Primers flanking split SF joints within scaffolds or RACA predicted adjacencies were designed 11 
using Primer3 software (v.2.3.6; Untergasser et al. 2012). To avoid misidentification of EBRs 12 
or chimeric joints we selected primers only within the sequences that had high quality 13 
alignments between the target and reference genomes and found in adjacent SFs. Due to 14 
alignment and SF detection settings some of the intervals between adjacent SFs could be >6 15 
kb and primers could not be chosen for a reliable PCR amplification. In such cases we used 16 
CASSIS software (Baudet et al. 2010) and the underlying alignment results to narrow gaps 17 
between adjacent SFs where possible. Whole blood was collected aseptically from adult falcon 18 
and pigeon. DNA was isolated using DNeasy Blood and Tissue Kit (Qiagen) following standard 19 
protocols. PCR amplification was performed according to the protocol described in the 20 
Supplemental Methods. 21 
 22 
BAC clone selection 23 
The chromosome coordinates of chicken (CHORI-261), turkey (CHORI-260) and zebra finch 24 
(TGMCBA) BAC clones in the corresponding genomes were extracted from NCBI clone 25 
database (Schneider et al. 2013). We removed all discordantly placed BAC clones (based on 26 
BAC end sequence (BES) mappings) following the NCBI definition of concordant BAC 27 
placement. Briefly, a BAC clone placement was considered concordant when the estimated 28 
 22 
 
BAC length in the corresponding avian genome is within [library average length ± 3×!"#$%#&% 1 %'()#")*$] and BAC BESs map to the opposite DNA strands in the genome assembly. Turkey 2 
and zebra finch BAC clone coordinates were translated into chicken chromosome coordinates 3 
using UCSC Genome Browser LiftOver tool (Kent et al. 2002) with the minimum ratio of 4 
remapped bases >0.1.  5 
 6 
For each BAC clone mapped to the chicken chromosomes various genomic features selected 7 
to estimate the probability of clones to hybridize with metaphase chromosomes in distant avian 8 
species were calculated (Supplemental Table S3) using a custom Perl script or extracted from 9 
gene, repetitive sequence, conserved element and nucleotide conservation score files. The 10 
clones selected for mapping experiments were originally obtained from the BACPAC 11 
Resource Centre at the Children’s Hospital Oakland Research Institute and the zebra finch 12 
TGMCBa library (Clemson University Genomics Institute).   13 
 14 
Classification tree 15 
The classification tree was created in R (v.3.2.3; Team 2015) using the classification and 16 
regression tree (CART) algorithm included in the rpart package (v.4.1-10; Therneau et al. 17 
2015). We introduced an adjusted weight matrix setting: the cost of returning a false positive 18 
was twice as high as the cost of a false negative. The tree was visualized with rattle package 19 
(v.4.1.0; Williams 2011). 20 
 21 
Cell culture and chromosome preparation  22 
Chromosome preparations were established from fibroblast cell lines generated from 23 
collagenase treatment of 5- to 7-day-old embryos or from skin biopsies. Cells were cultured at 24 
40°C, and 5% CO2 in Alpha MEM (Fisher), supplemented with 20% Fetal Bovine Serum 25 
(Gibco), 2% Pen-Strep (Sigma) and 1% L-Glutamine (Sigma). Chromosome suspension 26 
preparation followed standard protocols, briefly mitostatic treatment with colcemid at a final 27 
 23 
 
concentration of 5.0 μg/ml for 1 h at 40°C was followed by hypotonic treatment with 75mM KCl 1 
for 15 min at 37°C and fixation with 3:1 methanol:acetic acid.  2 
 3 
Preparation of BAC clones for fluorescence in-situ hybridization (FISH) 4 
BAC clone DNA was isolated using the Qiagen Miniprep Kit (Qiagen) prior to amplification and 5 
direct labelling by nick translation. Probes were labeled with Texas Red-12-dUTP (Invitrogen) 6 
and FITC-Fluorescein-12-UTP (Roche) prior to purification using the Qiagen Nucleotide 7 
Removal Kit (Qiagen).  8 
 9 
Fluorescence in-situ hybridization (FISH) 10 
Metaphase preparations were fixed to slides and dehydrated through an ethanol series (2 min 11 
each in 2xSSC, 70%, 85% and 100% ethanol at room temperature). Probes were diluted in a 12 
formamide buffer (Cytocell) with Chicken Hybloc (Insight Biotech) and applied to the 13 
metaphase preparations on a 37°C hotplate before sealing with rubber cement. Probe and 14 
target DNA were simultaneously denatured on a 75°C hotplate prior to hybridization in a 15 
humidified chamber at 37°C for 72 h. Slides were washed post-hybridization for 30 sec in 16 
2×SSC/ 0.05% Tween 20 at room temperature, then counterstained using VECTASHIELD 17 
anti-fade medium with DAPI (Vector Labs). Images were captured using an Olympus BX61 18 
epifluorescence microscope with cooled CCD camera and SmartCapture (Digital Scientific 19 
UK) system. In selected experiments, we used multiple hybridization strategies, making use 20 
of the Cytocell Octochrome (8 chamber) and Multiprobe (24 chamber) devices. Briefly, labeled 21 
probes were air dried on to the device. Probes were, re-hybridized in standard buffer, applied 22 
to the glass slide (which was sub-divided to correspond to the hybridization chambers) and 23 
FISH continued as above.  24 
 25 
  26 
 24 
 
EBR detection and CNE density analysis 1 
The multiple alignments of the chicken, zebra finch, flycatcher, pigeon and falcon chromosome 2 
sequences were obtained using progressiveCactus (Paten et al. 2011) with default 3 
parameters. Pairwise synteny blocks were defined using the maf2synteny tool (Kolmogorov 4 
et al. 2014) at 100, 300 and 500 kb resolution. Using chicken as reference genome, EBRs 5 
were detected and classified using the ad hoc statistical approach described previously (Farré 6 
et al. 2016). All well-defined (or flanking oriented PCFs) fusion and fission points were 7 
identified from pairwise alignments with the chicken genome. Only the EBRs ≤100 kb were 8 
used for the CNE analysis. EBRs smaller than 1 kb were extended ±1 kb. For each EBR, we 9 
defined two windows upstream (+1 and +2) and two downstream (-1 and -2) of the same size 10 
as the EBR. We calculated the fraction of bases within CNEs in each EBR site, upstream and 11 
downstream windows. Differences in CNE densities were tested for significance using the 12 
Kruskall-Wallis test followed by Mann-Whitney U test.  13 
 14 
Comparing CNE densities in EBRs and msHSBs  15 
Chicken chromosomes (excluding GGA16, W and Z) were divided into 1 kb non-overlapping 16 
intervals. Only windows with >50% of their bases with chicken sequence data available were 17 
used in this analysis. All intervals were assigned either to msHSBs >1.5 Mb (Farré et al. 2016), 18 
avian EBRs flanking: fusions, fissions, intrachromosomal EBR, and the intervals found in the 19 
rest of the chicken genome. We estimated the average CNE density for each window type and 20 
also the distance, in number of 1 kb windows, between each window with the lowest CNE 21 
density (0 bp) and the nearest window with the average msHSB CNE density or higher. CNE 22 
densities were obtained using bedtools (v.2.20-1; Quinlan and Hall 2010). Differences in 23 
distances between the two window types in msHSBs and EBRs were tested for significance 24 
using the Kruskall-Wallis test followed by Mann-Whitney U test.   25 
 25 
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Balanced chromosomal aberrations have been shown to affect fertility in most 23 
species studied often leading to hypoprolificacy (reduced litter size) in domestic 24 
animals such as pigs. With an increasing emphasis in modern food production on the 25 
use of a small population of high quality males for artificial insemination, the 26 
potential economic and environmental costs of hypoprolific boars, bulls, rams etc. 27 
are considerable. There is therefore a need for novel tools to facilitate rapid, cost 28 
effective chromosome translocation screening. This has previously been achieved by 29 
standard karyotype analysis; however this approach relies on a significant level of 30 
expertise and is limited in its ability to identify subtle, cryptic translocations. To 31 
address this problem we developed a novel device and protocol for translocation 32 
screening using subtelomeric probes and fluorescence in situ hybridisation. Probes 33 
were designed using BACs from the subtelomeric region of the short (p-arm) and 34 
long (q-arm) of each porcine chromosome. They were directly labelled with FITC or 35 
Texas Red (p-arm and q-arm, respectively) prior to application to a “Multiprobe” 36 
device, thereby enabling simultaneous detection of each individual porcine 37 
chromosome on a single slide. Initial experiments designed to isolate BACs in 38 
subtelomeric regions led to the discovery of a series of incorrectly mapped regions in 39 
the porcine genome assembly. Our work therefore highlights the importance of 40 
accurate physical mapping of newly sequenced genomes. The system herein 41 
described allows for robust and comprehensive analysis of the porcine karyotype, an 42 
adjunct to classical cytogenetics that provides a valuable tool to expedite efficient, 43 
cost effective food production. 44 
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The domestic pig (Sus scrofa domestica) provides 43% of meat consumed worldwide 49 
making it the leading source of meat protein globally (United States Department of 50 
Agriculture 2015). Purebred boars selected for their genetic merit are used at the 51 
top (nucleus) level of the breeding pyramid meaning that any fertility problems in 52 
these animals could significantly reduce litter sizes throughout the breeding 53 
population. This ultimately leads to a reduction in food production and higher 54 
environmental costs per mating animal, issues that are perpetuated further through 55 
an increasing emphasis on artificial insemination (AI) (Merck CM, Kahn S, Line, 2010). 56 
 57 
Semen used in AI preparations is routinely assessed for parameters that are 58 
considered to be indicative of fertility such as sperm concentration, morphology and 59 
motility. Evidence suggests that these parameters are in fact, not reliable indicators 60 
of prolificacy (Gadea 2005). Indeed, the primary identification of boars that exhibit 61 
hypoprolificacy is deduced from both litter sizes and ‘non-return rates’, i.e. the 62 
proportion of sows/gilts served by that boar that return to heat (i.e. fail to conceive) 63 
after 21 days. With a gestation length of 115 days and an average litter size of 12 64 
piglets, each sow can produce around 23 slaughter pigs per year assuming there are 65 
no fertility problems (AHDB) 2014). In addition, fertility is assessed using farrowing 66 
rates, which indicate how many litters are produced against how many sows were 67 
originally served (ideally >85% (Gadea et al. 2004)). The mating of hypoprolific boars 68 
into the sow population can have a significant effect on non-return rates and litter 69 
sizes, in some cases reducing the number of piglets in a litter by up to 50%. In order 70 
to prevent the perpetuation of reduced fertility, the identification and elimination of 71 


































































hypoprolific boars from the breeding population is a priority, particularly given rising 72 
global populations and increasing demand for meat products. 73 
 74 
Balanced chromosomal rearrangements occur frequently in pigs and are seen in as 75 
many as 0.47% of AI boars awaiting service (Ducos et al. 2007). Over 130 reciprocal 76 
translocations have been identified with chromosomes 1,7, 14 and 15 the most 77 
frequently involved (Rothschild & Ruvinsky 2011). Reciprocal translocations 78 
adversely affect reproductive performance in pigs by causing a reduction in litter size 79 
due to high mortality among early embryos. Approximately 50% of boars exhibiting 80 
hypoprolificacy are reciprocal translocation carriers, even though they have a normal 81 
phenotype and semen parameters (Rodríguez et al. 2010). Balanced translocations 82 
are considered to be the primary reason for hypoprolificacy in pigs due to the 83 
generation of unbalanced gametes and subsequent partially aneuploid conceptuses 84 
that lead to early loss of zygotes and ultimately litters that are 25-50% smaller than 85 
would be expected ((Gustavsson 1990);(Pinton et al. 2000)).  86 
 87 
Since the latter part of the 20th century several continental European programmes 88 
of chromosomal screening have been established, with the largest centre of pig 89 
screening being based in the National Veterinary School of Toulouse, France (Ducos 90 
et al. 2008). This has led to the identification of a significant number of chromosomal 91 
rearrangements in otherwise phenotypically normal boars. However, since this 92 
period there has been a reduction in the number of laboratories that perform animal 93 
cytogenetics (with approximately 10-15 operating worldwide, mostly in Europe) 94 
(Ducos et al. 2008).  95 



































































Current translocation screening is performed by G-banding and routine karyotyping. 97 
While this is simple and cost effective, it requires specialist knowledge of the porcine 98 
karyotype and is limited in its ability to detect translocations smaller than 2-3 Mb in 99 
size, especially if bands of similar intensity are exchanged. Moreover, even in the 100 
best of laboratories, preparations of sub-optimal quality (e.g. yielding few 101 
preparations that are difficult to analyse) can occasionally arise. Such is the nature of 102 
biological systems and, in these cases, molecular cytogenetics can aid detection 103 
protocols. The recent sequencing of the pig genome provided the tools through 104 
which molecular cytogenetic resources can be identified and developed for more 105 
accurate and unequivocal translocation screening. Results from our own laboratory 106 
provided evidence that the strategy of assembling the swine genome BAC-by-BAC 107 
ahead of whole genome sequencing provided the ability to select a clone for 108 
fluorescence in-situ hybridisation (FISH) with 100% confidence that it would map in 109 
the predicted chromosomal position. That is, of 71 clones selected, all mapped to 110 
the predicted chromosome band (Groenen et al. 2012). 111 
 112 
In humans, Knight et al (1996) demonstrated an approach through which cryptic 113 
translocations could be identified in humans using a FISH strategy that involved 24 114 
individual hybridizations (one for each chromosome) on a single slide. By hybridizing 115 
to the subtelomeric regions of the short (p) and long (q) arms of each chromosome, 116 
each in a different colour, any chromosome translocation is clearly visible, even to 117 
the untrained eye. This approach has been used extensively in clinical cytogenetics 118 
((Horsley et al. 1998), (Ravnan et al. 2006), (Dawson et al. 2002)) and, to some 119 


































































degree in pigs (Mompart et al. 2013). The purpose of the current study was to 120 
develop these investigations further to generate a panel of equivalent porcine BACs, 121 
extending on the Knight et al study to develop a porcine version of the human 122 
system. The aim was to employ a strategy that would significantly increase the speed 123 
and accuracy of boar translocation screening, the ultimate objective being the 124 
identification and removal of hypoprolific boars from the breeding population. This 125 
could potentially improve efficiency, and reduce the cost and environmental 126 
footprint of global meat production. 127 
 128 
Materials and Methods 129 
Chromosome preparations 130 
In order to generate the material for screening and identify potential translocation 131 
carriers, we established a routine karyotyping service for UK companies wishing to 132 
screen their boars for translocations. Blood samples were provided by three of the 133 
UKs leading pig breeding companies (JSR Genetics, ACMC and Genus PIC). 134 
Heparinized blood samples were cultured for 72 hours in PB MAX Karyotyping 135 
medium (Invitrogen) at 37°C, 5% CO2. Cell division was arrested by adding colcemid 136 
at a concentration of 10.0µg/ml (Gibco) for 35 minutes before hypotonic treatment 137 
with 75mM KCl and fixation to glass slides using 3:1 methanol:acetic acid. 138 
Metaphases for karyotyping were stained with DAPI in VECTASHIELD® antifade 139 
medium (Vector Laboratories). Image capturing was performed using an Olympus 140 
BX61 epifluorescence microscope with cooled CCD camera and SmartCapture (Digital 141 
Scientific UK) system. SmartType software (Digital Scientific UK) was used for 142 
karyotyping purposes after being custom-adapted for porcine karyotyping according 143 


































































to the standard karyotype as established by the Committee for the Standardized 144 
Karyotype of the Domestic Pig (Gustavsson 1988). All staff were trained in the 145 
analysis of porcine chromosomes using the in-house developed program KaryoLab 146 
Porc (Payne et al. 2009). 147 
 148 
Selection and preparation of subtelomeric BAC clones for FISH 149 
BAC clones of approximately 150kb in size were selected using the Sscrofa Version 150 
10.2 NCBI database (www.ncbi.nlm.nih.gov) for each autosome and the X 151 
chromosome. A lack of available BACs for the Y chromosome meant that this 152 
chromosome was excluded from the study. End-sequenced BACs in the subtelomeric 153 
region of the p-arm and q-arm of each chromosome with unique placement in the 154 
genome were identified and ordered from both the PigE-BAC library (ARK-Genomics) 155 
and the CHORI-242 Porcine BAC library (BACPAC). BAC DNA was isolated using the 156 
Qiagen Miniprep Kit, the products of which were then amplified and directly labelled 157 
by nick translation with FITC-Fluroescein-12-UTP (Roche) for p-arm probes and Texas 158 
Red-12-dUTP (Invitrogen) for q-arm probes prior to purification.  159 
 160 
Development of a novel Multiprobe device for translocation screening  161 
Fluorescently labelled probes were diluted to a concentration of 10ng/μl in sterile 162 
distilled water along with competitor DNA (Porcine Hybloc, Applied Genetics 163 
Laboratories). Each probe combination contained a probe isolated from the distal p-164 
arm (labelled in FITC) and distal q-arm (labelled in Texas Red) from a single 165 
chromosome. Where the chromosome is acrocentric, the most proximal sequence 166 
was isolated (for simplicity sake, these were individually assigned with the 167 


































































chromosome number followed by the letter p in green type and the letter q in red 168 
type, as indicated in S1 Fig 1 (supplementary material).  169 
 170 
The new device was based on the work of Knight et al (1996) using a proprietary 171 
Chromoprobe Multiprobe® System device manufactured by Cytocell Ltd, in the UK. 172 
Each probe combination (e.g. 1pq) was reversibly air dried on to a square of the 173 
device in the orientation indicated in S1 Fig 1. The second part of the device consists 174 
of a glass slide subdivided into 24 squares designed to align to the 24 squares on the 175 
first part of the device upon which chromosome suspensions were fixed.  176 
 177 
Fluorescence in-situ hybridisation (FISH) 178 
Fixed metaphase preparations on the second part of the Multiprobe device (the 179 
glass slide) were dehydrated through an ethanol series (2 minutes each in 2xSSC, 180 
70%, 85% and 100% ethanol at room temperature). 1μl of formamide based 181 
hybridisation buffer (Cytocell Hyb I) was pipetted onto each square of the first part 182 
of the device containing the probe to dissolve the probes. The second part (glass 183 
slide) was aligned over the first part (containing the rehydrated probes) pressed 184 
together and warmed on a 37°C hotplate for 10 minutes. Probe and target DNA were 185 
subsequently denatured on a 75°C hotplate for 5 minutes prior to hybridisation 186 
overnight in a dry hybridisation chamber in a 37°C water bath. Following 187 
hybridization, slides were washed (2 minutes in 0.4 × SSC at 72°C; 30 seconds in 2 × 188 
SSC/ 0.05% Tween 20 at room temperature), then counterstained using DAPI in 189 
VECTASHIELD® anti-fade medium. Images were captured using an Olympus BX61 190 
epifluorescence microscope with cooled CCD camera and SmartCapture (Digital 191 


































































Scientific UK) system. Chromosome preparations from multiple animals were used to 192 
verify correct mapping of each BAC. 193 
 194 
Results and Discussion 195 
Karyotype analysis 196 
Karyotypes were successfully produced via a newly developed in-house service for a 197 
total of 230 boars from different breeding populations with an average of 10 198 
karyotypes created per boar. Four translocation carriers were identified by classical 199 
cytogenetics with no abnormalities identified in the remainder. The translocations 200 
were as follows t(1:2); t(7:10) (see Fig 1); t(7:12); and t(13:15).  201 
 202 
Development of the Multiprobe device 203 
A total of 82 BACs were tested, of which ultimately 45 BACs mapped correctly and 37 204 
did not map as anticipated. All FITC labelled probes mapped to the expected locus at 205 
or near the p terminus of the chromosome with the exception of the first attempt 206 
for a BAC (PigE-134L21) for chromosome 1p (which actually mapped to chromosome 207 
8), along with a BAC for chromosome 10p (PigE-231H10) which mapped to 208 
chromosome 3 and three BACs originally assigned to chromosome 9p, which 209 
mapped elsewhere in the karyotype. After selecting alternative BACs bright green 210 
signals were observed at the appropriate end of the chromosome. Surprisingly, 32 of 211 
the 51 probes that were originally assigned to the q terminus of specific 212 
chromosomes mapped to a place in the genome other than that which was 213 
predicted. Of these, 24 clones (75%) mapped to the correct chromosome, but not to 214 


































































the q terminus. An example is given in Fig 2 for chromosome 15 and the full list given 215 
in table 1. 216 
 217 
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Table 1. Incorrectly mapped Porcine BACs and their assignment 219 
Number Arm Clone Name FISH Assignment Same Chromosome? 
1 p PigE-134L21 8 p-arm No 
1 q CH242-137C1 10 centromere No 
1 q CH242-35I10 Multiple No 
1 q CH242-83P21 7 centromere No 
2 q CH242-188K23 2 centromere Yes 
2 q CH242-230M23 2 centromere Yes 
2 q CH242-441A1 2 centromere Yes 
2 q PigE-117G14 2 p-arm Yes 
3 q CH242-265K24 3 p-arm Yes 
3 q PigE-221G14 3 p-arm Yes 
3 q PigE-264D16 3 p-arm Yes 
5 q CH242-133F9 5 p-arm Yes 
5 q CH242-288F8 5 p-arm Yes 
5 q PigE-127K14 5 p-arm Yes 
5 q PigE-178M22 5 p-arm Yes 
7 q CH242-272F22 7 centromere Yes 
7 q CH242-518F14 7 centromere Yes 
7 q PigE-208I10 3 q-arm No 
7 q PigE-230H8 7 centromere Yes 
7 q PigE-75E21 7 mid q-arm Yes 
9 p CH242-215O14 9 centromere Yes 
9 p CH242-44O5 9 centromere Yes 
9 p CH242-178L4  9 centromere Yes 
10 p PigE-231H10 3 p-arm No 
10 q CH242-237D22 10 centromere Yes 
10 q CH242-36D16 10 q-arm + extra signal on 1q Yes 
10 q PigE-60N24 1 centromere No 
11 q PigE-199B10 11 p-arm Yes 
11 q PigE-232N19 11 p-arm Yes 
15 q PigE-108N22 15 mid q-arm Yes 
16 q CH242-4G9 16 p-arm Yes 
16 q PigE-124C22 16 p-arm Yes 
16 q PigE-173H6 16 p-arm Yes 
17 q PigE-112L22 10 centromere No 
18 q PigE-141I21 6 p-arm No 
X q CH242-447L20 X p-arm Yes 
X q PigE-214O4 13 centromere No 
 220 


































































The results therefore indicated that probes assigned to the q-arm were frequently 221 
incorrectly mapped, with the majority of probes mapping to the correct 222 
chromosome but the incorrect locus. Correctly mapping q-arm probes were 223 
eventually assigned by choosing BACs (using an in-silico approach) that were 224 
assigned to larger, fully mapped contigs closest to the q-terminus.  225 
 226 
Ultimately a device was developed and tested rigorously that gave bright, punctate 227 
signals (one green, one red) for each chromosome. Examples of the signals on 228 
chromosome 1 in a chromosomally normal preparation are given in Fig 3. The newly 229 
developed Multiprobe strategy was applied to 20 chromosomally normal 230 
preparations and each translocation carrier in order to confirm the cytogenetic 231 
diagnosis. The device confirmed the diagnosis of the following translocations t(1:2); 232 
t(7:10) (Figs 1 and 4); t (7:12); t(13:15). Moreover no abnormalities were seen in the 233 
other preparations (see below). A full list of subtelomeric BACs that give bright 234 
signals on the appropriate chromosome arms is shown in table 2.  235 
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Table 2: Correctly Mapping BACs for each porcine chromosome arm. 238 
Chromoso
me Arm Clone Name 
Chromoso
me Arm Clone Name 
1 p CH242-248F13 10 q CH242-517L16 
1 q CH242-151E10  11 p PigE-211E21 
2 p PigE-8G19 11 q CH242-239O11 
2 q CH242-294F6  12 p PigE-253K5 
3 p PigE-168G22 12 q PigE-124G15 
3 q CH242-315N8 13 P PigE-197C11 
4 p PigE-131J18 13 q PigE-179J15 
4 q PigE-85G21 14 p PigE-137C12 
5 p PigE-74P10 14 q PigE-167E18 
5 q CH242-63B20 15 p PigE-90C11 
6 p PigE-238J17 15 q CH242-170N3 
6 q CH242-510F2 16 p PigE-149F10 
7 p PigE-52L22 16 q CH242-42L16 
7 q CH242-103I13  17 p CH242-70L7 
8 p PigE-2N1 17 q CH242-243H19 
8 q PigE-118B21 18 p PigE-253N22 
9 p CH242-65G4 18 q PigE-202I11 
9 q CH242-411M8 X p CH242-19N1 
10 p CH242-451I23 X q CH242-305A15 
 239 
 240 
A further boar that had previously been diagnosed as karyotypically normal was re-241 
referred for analysis using the Multiprobe device which revealed a chromosome 242 
translocation between chromosomes 5 and 6 that we missed by classical karyotyping 243 
(Fig 5). Further analysis with chromosome painting for porcine chromosomes 5 and 6 244 
on this boar revealed a cryptic translocation with the distal portions of the two 245 
chromosomes exchanged (Fig 6). Karyotyping was limited by sub-optimal quality of 246 
the original chromosome preparation, however results produced using the FISH 247 


































































approach clearly identified the translocation despite the poor preparation and the 248 
small size of the translocation. 249 
 250 
Results of this study provide proof of principle of an approach that can be used 251 
successfully to diagnose chromosomal translocations that directly impact fertility in 252 
pigs at a resolution previously difficult to achieve by standard karyotyping. There are 253 
three advantages of using this approach over classical karyotyping: The first is that it 254 
detects more cryptic translocations than standard karyotyping otherwise would. The 255 
boar indicated in this study is an example. Indeed, the fact that a previously 256 
undetected cryptic translocation was identified would suggest that the actual 257 
number of translocations in the boar breeding population might in fact be 258 
significantly higher than previously reported. It is possible that these karyotypically 259 
cryptic and unreported translocations are seen more frequently than expected but 260 
that the routine use of multiple inseminations per sow may be diluting the effect on 261 
the farrowing rates. The boar with a cryptic translocation in this study had a 262 
significantly reduced farrowing rate and interestingly also had a significantly lower 263 
“born dead” rate suggesting that the translocation in this case results in early 264 
embryo loss. It would appear that the production of unbalanced gametes caused by 265 
the translocation in question results in embryos which are not compatible with early 266 
life causing early embryo mortality in a pattern that is also seen in humans (Tempest 267 
& Simpson 2010). In humans, reciprocal translocations arise more frequently de-268 
novo rather than from being inherited from a carrier parent (Tempest & Simpson 269 
2010). It would therefore be reasonable to suggest that the same pattern of familial 270 
inheritance applies to pigs and other animals. The de novo nature of these 271 


































































translocations supports the theory that all boars awaiting service should be screened 272 
chromosomally to reduce the risk of using a hypoprolific animal for breeding 273 
purposes. In fact, despite over 130 reciprocal translocations being reported in the 274 
literature, to date this is the first reported translocation to have occurred between 275 
chromosomes 5 and 6 suggesting that this fits that category (Rothschild & Ruvinsky 276 
2011). Secondly, as in this case, when preparations are sub-optimal, this approach 277 
provides necessary “back-up” to ensure accurate diagnosis. That is, provided FISH 278 
signals are clear enough, confident diagnosis can be made on a single metaphase, 279 
regardless of the length of the chromosomes.  280 
 281 
The final issue is that the device permits analysis by individuals who are less well 282 
trained in karyotype analysis. Twenty years experience of teaching students to 283 
karyotype human and pig karyotypes ((Morris et al. 2007);(Gibbons et al. 2003)) has 284 
demonstrated that the technical skills required to produce a karyotype reliably can 285 
be variable between individuals and that animal-specific expertise is invaluable. 286 
Indeed, although several laboratories have pioneered animal cytogenetics for the 287 
purposes of AI boar (and bull) screening there are fewer now than in previous 288 
decades despite the continuing need to continue screening in this manner. 289 
Nonetheless, it should be made clear that specialist cytogenetic skills are still 290 
required to make chromosome preparations reliably in the lab and to perform 291 
overall analyses. The scheme developed here should therefore be considered an 292 
adjunct to classical cytogenetics, not a replacement for it.  293 


































































A second outcome of this study was the revelation that a large number of BACs 294 
isolated from the Swine Genome assembly mapped incorrectly. That is, those that 295 
were predicted to map to the q-terminus of a particular chromosome that mapped 296 
elsewhere on the same chromosome. In many ways this contradicts our previous 297 
results in which 100% of the BACs mapped to the predicted chromosomal location 298 
(Groenen et al. 2012). The high level of mapping errors found in this study led to 299 
further investigation of the clone placement with members of the Swine Genome 300 
Sequencing Consortium. It became evident that the problem was the result of some 301 
errors in the way in which parts of the draft pig genome sequence were assembled. 302 
Specifically, analysis of the BAC sequences revealed that the high error rate was due 303 
to misplacement of some of the smaller fingerprint contigs (fpc) within which the 304 
BAC was located. These small fpcs did not have full sequence and orientation data 305 
when the genome was assembled and it appears that these small poorly mapped 306 
contigs were added to the end of the list of contigs for the relevant chromosomes. 307 
This resulted in the sequences from the BACs in these poorly mapped contigs being 308 
randomly added to the end of the relevant chromosomes, which explains why the 309 
error rate was particularly high among BACs chosen to map to the subtelomeric q-310 
arm region. The genome assembly errors found throughout the course of this project 311 
highlight the need for caution when choosing BACs for this purpose. In other words, 312 
the porcine genome assembly still appears to have assembly flaws, despite being 313 
initially considered to be one of the best assembled. These assembly errors are 314 
particularly apparent when looking at structural rearrangements and should be 315 
taken into consideration when planning future FISH mapping exercises, both for 316 
BACs in the pig genome and when investigating the genomes of other animal species 317 


































































(e.g. cattle, sheep). The errors highlighted in this paper have been passed to the 318 
Swine Genome Sequencing Consortium and their results will be incorporated in an 319 
improved pig genome assembly due to be released in 2016. With the rapid 320 
expansion in the number of newly sequenced animal genomes being published, 321 
along with corresponding BAC libraries for many, the possibility of assembly errors 322 
should be an important consideration for future similar studies. 323 
 324 
Now that a full set of porcine subtelomeric probes has been isolated and applied in 325 
the manner described, screening efficiency can be improved by allowing the analysis 326 
of the full chromosomal complement on one slide. Given the nature of 327 
translocations and their impact on fertility in pigs, the simple, rapid identification of 328 
(cryptic or otherwise) translocations will facilitate the detection and subsequent 329 
removal of affected animals from the breeding population at an early stage. This has 330 
the potential to lead to long-term improved productivity, delivering meat products in 331 
a more cost effective and environmentally friendly way to a growing population. The 332 
widespread use of artificial insemination and the large market for superior boar 333 
semen being sold to both small and large scale pig breeding operations suggests that 334 
improvements in productivity impact not just the large commercial breeders but also 335 
the smaller farmers where reduced wastage may be more critical. 336 
 337 
Finally, the application of these subtelomeric FISH probes for translocation screening 338 
is not necessarily limited to screening for translocations in pigs. Artificial 339 
insemination is also widely used in cattle breeding with a high premium placed on 340 
bull semen of superior genetic merit. With sufficient alterations (i.e. incorporating 341 


































































cattle subtelomeric BACs) the device could be adapted to this and other species. In 342 
addition the increasingly widespread use of embryo transfers in cattle would suggest 343 
that the cow and the bull should both be screened for chromosomal translocations. 344 
In fact, the cattle karyotype is more difficult to analyse reliably because of a diploid 345 
number of 60, largely made up of similar sized acrocentric chromosomes. The cattle 346 
karyotype therefore lends itself to the use of a FISH based screening approach such 347 
as is described here, as does the largely acrocentric sheep karyotype (2n=54). 348 
Lessons regarding genome assembly learnt from this exercise would suggest that a 349 
cautionary approach be taken when identifying BACs for this purpose and that a 350 
combined in-silico and experimental (wet lab) approach is crucial in the development 351 
of similar tools.  352 
 353 
Conclusions 354 
FISH based translocation screening technique developed in this study is a powerful 355 
and reliable approach to translocation screening with great potential to be adapted 356 
to other species.  357 
 358 
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Figure legends 439 
Figure 1. Clone ID PigE-108N22 labelled in Texas Red which should map to the distal 440 
end of SSC15 but appears halfway along this acrocentric chromosome. The FITC 441 
labeled probe mapped correctly. Scale bar 10 μm 442 
 443 
Figure 2: Standard DAPI banded karyotype of a boar carrying a 7:10 Reciprocal 444 
Translocation 445 
 446 
Figure 3. Labelled probes for SSC7 illustrating a reciprocal translocation between 447 
SSC7 and SSC10. Scale bar 10 μm. 448 
 449 
Figure 4: FISH image of correctly mapping BAC clones for chromosome 1 tested on a 450 
chromosomally normal sample showing clear, punctate signals. Scale bar 10μm 451 
 452 
Figure 5. BAC clones for SSC5 (p-arm labelled in FITC and q-arm labelled in Texas 453 
Red) showing a translocation between chromosome 5 and 6. Despite the suboptimal 454 
chromosome preparation the translocation is clearly visible. Scale bar 10μm 455 
 456 
Figure 6. Chromosome paints for SSC5 (FITC) and SSC6 (Texas Red) illustrating the 457 
cryptic translocation that had been previously undetectable from the karyotype. 458 
Scale bar 10μm. 459 
 460 
Supporting Information  461 


































































S1 Figure 1. Multiprobe device layout of labelled BAC clones by chromosome with a 462 
Texas Red labelled probe and FITC labelled probe for each chromosome air dried 463 
onto the same square  464 
































































Figure 1: Clone ID PigE-108N22 labelled in Texas Red which should map to the distal 
end of SSC15 but appears halfway along this acrocentric chromosome.  The FITC 
labeled probe mapped correctly. Scale bar 10 μm. 
 
































































Figure 2. Standard DAPI banded karyotype of boar 
carrying a 7:10 reciprocal translocation 
 
Figure 3. Labelled probes for SSC7 illustrating a 
reciprocal translocation between SSC7 and SSC10. 
Scale bar 10 μm. 
 
 
































































Figure 4. FISH image of correctly mapping BAC clones for chromosome 1 tested on 
a chromosomally normal sample showing clear, punctate signals. Scale bar 10μm. 
































































Figure 5. BAC clones for SSC5 (p-arm labelled in FITC and q-arm labelled in 
Texas Red) showing a translocation between chromosome 5 and 6. Despite the 
suboptimal chromosome preparation the translocation is clearly visible. Scale 
bar 10μm 
































































Figure 6. Chromosome paints for SSC5 (FITC) and SSC6 (Texas Red) 
illustrating the cryptic translocation that had been previously 
undetectable from the karyotype. Scale bar 10μm. 
































































Figure 1. Multiprobe device layout of labelled BAC 
clones by chromosome with a Texas Red labelled 
probe and FITC labelled probe for each chromosome 
air dried onto the same square  
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Fifty years ago Ingemar Gustavsson made the first ob-
servation of a chromosome abnormality in a farm ani-
mal. The common rob1/29 translocation in cattle has
been associated with reduced fertility, prompting efforts
at eradication. Since then many other chromosome ab-
normalities have been identified in domestic species,
including sex chromosome abnormalities in race horses,
and these have been discussed at many meetings of the
ICACGM. Interest in diagnostic veterinary cytogenetics
has grown alongside research into comparative geno-
mics and karyotype evolution of farm animals. The
current place of molecular cytogenetics in both diagno-
sis and research in this field is discussed here in several
demonstrat ion projects , including ar t i f ic ia l
insemination, the fertility of mules and infertility in farm
and companion animals due to sex chromosome disor-
ders. Chromosome-specific painting probes, and espe-
cially 7-colour FISH probes, have been valuable addi-
tions to classical techniques in the resolution of prob-
lems associated with high diploid numbers and difficult
to distinguish acrocentrics in animal cytogenetics.
L2
Chromosomes, genome analysis and a transforming
landscape of applications in the twenty-first century
Bhanu P. Chowdhary (BChowdhary@cvm.tamu.edu)
College of Veterinary Medicine & Biomedical Sciences,
Texas A&M University, College Station, Texas 77845
Chromosome analysis has been the center-point for
nuclear genome analysis for a long time—perhaps over
a century. While initially it provided a peek into the
structure and organization of the chromosome, it later
led to the discovery of chromosome abnormalities and
their impact on phenotypes. Also, it allowed increased
understanding of the potential causes for various dis-
eases. However, since the advent of a range of gene
mapping and genome analysis techniques beginning
early 1990s, time and again it has been suggested that
the scope and utility of chromosome analysis will de-
cline and fade into oblivion. Understandably, the
“Golden Era” of chromosome analysis may be over,
however, some basic aspects of analysis coupled with
molecular techniques are indispensable and
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that determines the male gender, many other genes,
responsible for inducing DSDs, were identified. It’s
useful to specify how the cytogenetic analysis has often
represented a valid methodology for the identification of
these genes. Some animal species are excellent models
for the identification and study of these genes since the
sexual diseases that show are entirely similar to those
present in the human species but characterized by a
higher frequency due to the lower rate of abortion
against them. In this lesson we will present the current
knowledge on the subject and on the genes recognized
as responsible for sexual disorders. We will also discuss
how animals can be a valuable tool to deepen this
knowledge that has yet unexplored aspects.
O1
Analysis of male infertility: a case study in pigs
H. Barasc3,2,1, N. Mary1,2,3, A. Ducos3,2,1, S. Ferchaud4,
I. Raymond Letron5, M. Yerle1,2,3, H. Acloque1,2,3, A.
Pinton1,2,3 (a.pinton@envt.fr)
1INRA, UMR 1388 Génétique, Physiologie et Systèmes
d’Elevage, F-31326 Castanet-Tolosan, France;
2Université de Toulouse INPT ENSAT, UMR 1388
Génétique, Physiologie et Systèmes d’Elevage,
F-31326 Castanet-Tolosan, France; 3Université de
Toulouse INPT ENVT, UMR 1388 Génétique,
Physiologie et Systèmes d’Elevage, F-31076 Toulouse,
France; 4GenESI Génétique, Expérimentation et
Système Innovants Poitou Charentes F-17700 Saint-
Pierre-d’Amilly, France; 5Université de Toulouse, INP,
ENVT, UMS 006, Département des Sciences
Biologiques et Fonct ionnel les , Laboratoi re
d’Histopathologie, F-31076 Toulouse, France
Infertility is a significant problem in humans, affecting
up to 15% of couples. Male (co-)factors, leading mostly
to spermatogenesis failure, are involved in almost 50 %
of the cases. Male infertility is also of major interest in
farm-animal populations. On the one hand, a reduction
in male fertility can be responsible for major economic
losses at the farm level. Otherwise, due to the impor-
tance of the male pathway in the creation and dissemi-
nation of genetic progress, male infertility can lead to a
strong reduction of the efficiency of genetic selection
programs. Origins of infertility are still unknown in
more than 90 % of the cases in Human but they may
be genetic or environmental causes. We recently
developed a research program aiming at deciphering
the putative genetic mechanism explaining the bad se-
men quality parameters observed in boars routinely
controlled before reproduction, thanks to cytogenetic,
array-CGH and array-painting analyses.
Preliminary results will be presented with a particular
attention for an oligo-astheno-terato-spermic boar car-
rying an asymmetric reciprocal translocation involving
chromosomes SSC1 and SSC14. CNVs research, mei-
otic pairing, recombination and segregation analyses, as
well as breakpoints characterization have been carried
out and the corresponding results will be presented.
O2
Identification of Chromosomal Translocations
in Pigs using FISH with Subtelomeric Probes
and the development of a novel screening tool
for their application
R.E. O’Connor1, G. Fonseka1,2, D.K. Griffin1
(ro84@kent.ac.uk)
1University of Kent, Department of Biosciences,
Canterbury, Kent CT2 7NH; 2Cytocell Ltd 3–4
Technopark Newmarket Road Cambridge CB5 8PB
Reciprocal chromosome translocations have established
to affect fertility in pigs leading to reduced litter sizes
and hypoprolificacy. With an increasing emphasis in the
commercial pig breeding industry on using a small
population of boars for artificial insemination, the po-
tential economic costs of using hypoprolific boars are
significant. At present screening for translocations is
only performed by karyotyping which, while technically
straightforward, requires animal specific expertise for
karyotype analysis, which can be unattractive to the
industry. The use of subtelomeric probes and fluores-
cence in situ hybridisation (FISH) eliminates the need
for this level of expertise whilst also offering greater
accuracy and the ability to identify cryptic transloca-
tions. At present, however a universal FISH based
screening test for porcine translocations has yet to be
developed.
Probes were designed that map to the subtelomeric
regions of each chromosome arm to enable detection
using FISH. BACs were identified from the
subtelomeric region of the p-arm and q-arm of each
porcine chromosome and directly labelled with Texas
Red or FITC (p-arm and q-arm respectively) prior to
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fluorescence microscopy and image capturing using
SmartCapture 3 software (Digital Scientific UK).
Clear signals were obtained from each subtelomeric
probe. These were tested on normal animals and animals
that exhibit translocations, providing preliminary evi-
dence that this technique is a valid tool for the identifi-
cation of translocations that affect fertility in pigs.
When combined with a tool originally developed for
humans to enable the simultaneous detection of all
porcine chromosomes on one slide (Multiprobe™
Device), the speed and cost of chromosomal analysis
for translocations that affect fertility will be greatly
improved, therefore offering significant benefits to ani-
mal genetic research and the animal breeding industry.
O3
The incidence of translocations in young breeding
boars in Canada
A. Quach1, T. Revay1, M. Macedo1, S. Wyss2, B.
Sullivan2, W.A. King1 (tquach@uoguelph.ca)
1University of Guelph, OVC Biomedical Sciences,
N1G2W1 – Guelph- Canada; 2Canadian Centre for
Swine Improvement Inc., K1A0C6 – Ottawa, Canada
The objective of the project was to carry out the first
systematic screening program for chromosomal abnor-
malities in young breeding boars in Canada. To date, a
total 300 young boars from 4 different breeds (Duroc,
Landrace, Pietrain and Yorkshire) were karyotyped by
G-banding. Four previously unreported reciprocal trans-
location including rcp(1;5), rcp(3;4), rcp(8;13) and
rcp(7;15) and one previously reported Robertsonian
translocation rob(13;17) were found. Consequently, the
frequency of chromosome abnormalities in this study
was 1.67 %. By extending the sampling to other mem-
bers of the pedigree, it was determined that rcp(3;4) and
rob(13;17) were inherited from their dams and rcp(8;13)
was a “de novo” event. Comparing with the herd aver-
age, average litter size of rcp(3;4), rcp(8;13) and
rcp(7;15) translocation carrier boars was noted to be
reduced (24 %, 24 % and 38 %, respectively) while for
carriers of rob(13;17), it was only slightly reduced
(9 %). Interestingly, for rcp(3;4), the overall reduction
in litter sizes for female carriers was substantially lower
(only 4 %) compared to male carriers (24 %).
Chromosome analysis of live offspring from 2 full litters
of carrier boars showed a 20 and 40 % transmission rate
to progeny for rcp(7;15) and rob(13;17), respectively.
More studies need to be carried out to further investigate
the effects of these translocations. (Research support
was obtained from NSERC, Agriculture and Agri-
Food Canada, and the Canada Research Chairs
program).
O4
Mix of two chromosomal aberrations in a newborn
calf 2n=60,XX, t(11;25)(q11;q14-21)
A. Iannuzzi1, A. Perucatti1, A. Pauciullo1, V.
Genualdo1, D. Incarnato1, L. Pucciarelli1, L. De
Lorenzi2, G. Varricchio3, D. Matassino3, P. Parma2, L.
Iannuzzi1 (alessandra.iannuzzi@cnr.it)
1Laboratory of Animal Cytogenetics and Gene
Mapping, National Research Council (CNR),
ISPAAM, Naples, Italy; 2Department of Animal
Science, Agricultural Faculty of Sciences, Milan, Italy;
3ConSDABI, Sub-national Focal Point of FAO
(Mediterranean Biodiversity), Benevento, Italy.
A newborn calf of the Agerolese breed underwent cyto-
genetic investigation because presented hyperflexion
forelimbs, red eyes and inability to stand up.
Anamnesis revealed the mother, phenotypically normal,
was carrier of a t(11;25)(q11,q14-21). The newborn died
after a few weeks and no internal alterations were found
by veterinarian after the post mortem examination. The
mother presented, after a cytogenetic investigation, a
reciprocal translocation between chromosome 11 and
25 and the presence of two ders: der11 and der25, for
the position of corresponding centromere. On the other
hand, the veal revealed a different chromosomal aberra-
tion in comparison to her mother. In fact, after R-banded
karyotype, the calf showed both chromosomes 25, one
chromosome 11 and one der (der25). FISH analysis was
performed with the same BAC clones used to detect the
translocation in the mother: BAC142G06 mapped on
the proximal region of both BTA25 and der25;
BAC513H08 mapped to BTA 25q22dist; BAC533C11
mapped to the proximal region of BTA11 and der25.
Finally, we confirmed both the localization of the
breakpoints on band q11 (centromere) of chromosome
11 and q14-21 of chromosome 25, and the loss of the
der11. In this way, it is showed a different cytogenetic
aberration in the veal: a partial trisomy of chromosome
25 and a partial monosomy of chromosome 11.We have
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Nebrodi mountains where this breed is raised in Sicily.
SCE-test applied on 42 pigs from Casertana breed (22
males and 20 females) and 19 pigs from Siciliana breed
(8 males and 11 females) revealed no statistical differ-
ences between the SCE-mean number in Casertana pig
(7.13±3.20) than that (6.87±3.12) achieved in Siciliana
pig. Statistical differences were found between males
(7.26±3.38) and females (6.59±2.90) of Siciliana pig
breed, as well as between females of Casertana (7.24±
3.26) and Siciliana (6.59±2.90) breeds, while no statis-
tical differences were found between males of the
breeds, as well as between males and females of
Casertana breed.
Acknowledgements. The study has been supported by
project “RARECA, PSR, Misura 214 e2” of Campania
region and “CISIA-GenePig” project, National
Research Council (CNR) of Italy.
P36
Cytogenetic analyses in rabbits feed in presence
of Verbascoside: SCE-test
V. Genualdo1, A. Perucatti1, A. Iannuzzi1, A.
Pauciullo1, L. Pucciarelli1, C. Iorio1, D. Incarnato1, M.
Pa l azzo2 , D . Casamass ima2 , L . I annuzz i 1
(viviana.genualdo@ispaam.cnr.it)
1National Research Council (CNR), ISPAAM,
Laboratory of Animal Cytogenetics and Gene
Mapping, Naples, Italy; 2Department of Agriculture,
Environment and Food (AAA), University of Molise,
Campobasso, Italy.
Phenylpropanoid glycosides (PPG), like other phenolic
compounds, are powerful antioxidants. Beside phenolic
compounds, verbascoside, shows the highest scavenger
activity in the PPG and has high antioxidant power in
comparison with other phenolic compounds. Previous
studies by using in vitro exposure of human blood
lymphocytes to verbascoside reported a significant in-
creasing of chromosome fragility compared to control.
In the present study four homogeneous groups of rabbits
(six animals per group) were used to test in vivo the
verbascoside by feeding the animals without
Verbascoside and Licopene (control – group A), with
lycopene (5 mg/Kg of feeding, group B), with
verbascoside (5 mg/Kg of feeding, group C) with
verbascoside and lycopene (5 mg/Kg of feeding each,
group D). Peripheral blood cultures were performed in
three different times: at 0, 40 and 80 days of the exper-
iment. Two types of cell cultures were performed: with-
out (normal cultures) for the AC-test (chromosome and
chromatid breaks) and with BrdU (10 μg/ml), the latter
added 26 h before harvesting, for the SCE-test. In the
present study only data from SCE-test are presented.
Mean number of SCEs were generally lower at both 40
and 80 days in groups B, C and D, compared with the
same groups at zero day. In particular, they were statis-
tically (P<0.01) lower at 40 and 80 days when using
lycopene. In conclusion, on the basis of SCE-test ap-
plied on cells of rabbits treated in vivo with
verbascoside or/and with lycopene, no chromosome
fragility increasings were observed in cells of rabbit feed
with verbascoside. However, a final conclusion will be
done when data from AC-test will be available.
Evolutionary and Comparative Cytogenetics
L11
Avian cytogenetics goes functional
D. K Griffin1, M. Farre2, P. Lithgow1, R. O’Connor1, K.
F o w l e r 1 , M . R o m a n o v 1 , D . L a r k i n 2
(d.k.griffin@kent.ac.uk)
1School of Biosciences, University of Kent, Canterbury,
UK; 2Department of Comparative Biomedical Sciences,
Royal Veterinary College, University of London, NW1
0TU, London, UK.
Whole chromosomes (and sub-chromosomal homol-
ogous synteny blocks (HSBs)) have great signifi-
cance in molecular studies of genome evolution. In
birds, our ability to define chromosomes and HSBs
precisely has however been impeded by a near in-
tractable karyotype and so has focused primarily on
comparative molecular cytogenetics (zoo-FISH) of
the largest chromosomes (1–10+Z). Availability of
multiple avian genome sequence assemblies has
however allowed us, for the first time, to identify
chromosomal syntenies across species. In recent
work we have made use of comparative maps for
20+ avian genome assemblies (plus out-groups) and
presented them on “Evolution Highway” an open-
access, interactive freely available comparative chro-
mosome browser designed to store and visualise
comparative chromosome maps.
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This browser (http://evolutionhighway.ncsa.uiuc.edu)
is used to visualize comparative genome organization
and to identify and visualize the different types of
evolutionary breakpoint regions (EBRs) in chromo-
somes, e.g., lineage specific, ordinal, superordinal, and
reuse. Comparative analysis of all available genomes is
providing insight into the mechanisms of chromosome
change through correlation of EBRs with transposable
elements and non-allelic homologous recombination.
Gene ontology analysis is revealing interesting correla-
tions with avian specific phenotype and function. Focus
on six genomes (chicken, turkey, duck, zebra finch,
ostrich and budgerigar) with both the largest N50s and
supporting molecular cytogenetic information, has
allowed us to assemble a putative ancestral avian karyo-
type and identify the key changes that led to the gross
genome organization of representatives in the major
av ian c lades (Pa laeogna thae , Gal l i fo rmes ,
Anseriformes and Neoaves). We describe, for the first
time, numerous inter-chromosomal rearrangements in a
Paleoganthaeous bird (the ostrich), plus rearrangements
in the budgerigar (Psattaciformes) and 15 other species.
Intra-chromosomal evolutionary change in all species
studied, can be derived, most parsimoniously, by a series
of inversions, inter-chromosomal rearrangements by fis-
sions and fusions. Increased chromosome rearrangement
is associated with differentiation in certain clades, with
the most intrachromosomal changes (primarily inver-
sions) occurring in the zebra finch (Passeriformes) since
its divergence from its sister group, the Psittaciformes
54MYA, This is coincident with the evolution of
passerine-specific phenotypes e.g. vocal learning.
Results also suggest that the Galloanserae (especially
chicken) underwent the fewest changes compared to
the ancestral karyotype; notably these birds appear, from
fossil evidence, to be the most similar to ancient avian
ancestors.We thus present themost comprehensive anal-
ysis of chromosomal rearrangements in birds to date and
draw novel conclusions about their mechanisms of origin
and association with avian-specific phenotypic features.
L12
Evolution and molecular dynamics of centromeres
in the genus Equus
E. Giulotto (elena.giulotto@unipv.it)
Dipartimento di Biologia e Biotecnologie, Università di
Pavia, Italy
The centromere is the locus directing chromosome seg-
regation at cell division. The mechanism by which cen-
tromere identity is specified on chromosomal DNA se-
quences has been deeply enigmatic, with a clear depen-
dence on the epigenetic inheritance of the centromeric
histone, CENP-A. While a degree of autonomy of cen-
tromere placement along the chromosome has been
established by studies of human neocentromeres and
observation of evolutionary centromere repositioning, a
role for DNA sequence in driving centromere location
remains to be elucidated. The typical association of mam-
malian centromeres with extensive arrays of highly repet-
itive satellite DNA, has so far hampered a detailed mo-
lecular dissection of centromere function and evolution.
In previous work, we discovered that, in the genus
Equus (horses, asses and zebras), centromere reposi-
tioning during evolution was exceptionally frequent
and that satellite DNA and centromeres are often
uncoupled in this genus. We then described the first
native satellite-free centromere discovered in a mam-
mal, that of horse chromosome 11; using a combination
of molecular and cytogenetic approaches we recently
demonstrated that the precise positioning of this native
mammalian centromere is highly variable, even on the
two homologous chromosomes in a single individual.
These results corroborate the hypothesis that CENP-A is
the principal determinant of centromere identity, but
theymake a much deeper point: CENP-A location along
the DNA polymer is not fixed but rather exhibits a
diffusion-like behavior.
We are now characterizing a number of satellite-less
centromeres in asses and zebras; preliminary observa-
tions on the molecular organization of centromeres,
based on the exploitation of this powerful model system,
will be presented.
O18
New evolutionary differences between cattle
and goat
L. De Lorenzi1, J. Planas2, E. Rossi3, P. Parma1,4
(pietro.parma@unimi.it)
1Department of Agricultural and Environmental
Sciences, Milan University, Milan, Italy; 2Department
of Systems Biology, Vic University, Vic, Spain;
3Medical Genetics, University of Pavia, Pavia, Italy;
4CNR-ISPAAM, Laboratory of Animal Cytogenetics
and Gene Mapping, Naples, Italy.
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blastulation (OR=1.78 (CI: 1.11–2.87); p<0.05; OR=
4.69 (CI: 2.89–7.61), p<0.0001). Average blastulation
rate of biopsied embryos did not differ to non-biopsied
embryos (182/461 (39.48 %) vs. 145/315 (46.03 %);
p>0.05). No difference was found in either chemical
(46/79 (58.23 %) vs. 28/48 (58.33 %); p>0.05) or
clinical (38/79 (48.10 %) vs. 26/48 (54.17 %);
p>0.05) pregnancy rates between the PGS and non-
PGS groups, respectively. Implantation rates were sim-
ilar (41.56±0.586 vs. 34.72±0.712; p>0.05) between
the two groups. A significantly lower amount of embry-
os were transferred in PGS cycles than in non-PGS
cycles (1.46±0.006 vs. 1.88±0.010; p<0.05). We have
found that blastulation occurs in a higher frequency in
euploid embryos, but blastulation does not predict nor-
mality on the chromosome level. In our settings, half of
the diagnosed blastocysts were aneuploid. The develop-
mental potential of embryos does not seem to be altered
following cleavage stage embryo biopsy, similar blastu-
lation rates were found compared to non-biopsied em-
bryos. Also, when euploid embryo is available the same
pregnancy and implantation rates can be achieved as in
non-PGS cycles with a lower number of embryos trans-
ferred. In vitro fertilization (IVF) combined with PGS
provides a viable option for patients having multiple
failed IVF cycles, advanced maternal age or recurrent
pregnancy loss. Also, unnecessary embryo transfer and
embryo freezing can be avoided when PGS strengthen
embryo selection. Although, it has to be noted that PGS
carries a risk for cancellation of embryo transfer.
P34. Use of time-lapse imaging to investigate
the impact of embryo biopsy on morphokinetic
criteria
SadraieM1, Bolton VN 2, Thornhill AR 1,3, Griffin DK 1
1School of Biosciences, University of Kent, Canter-
bury, UK
2Guy’s and St. Thomas’ NHS Trust, London, UK
3Illumina, Cambridge, UK
Previous studies have suggested that removing blas-
tomeres by cleavage stage embryo biopsy does not have
an adverse effect on subsequent development. Others
have challenged this notion however proposing that
there is a possibility that the biopsy technique can dam-
age the embryo sufficiently to negate any potential
benefits of chromosome aneuploidy screening. The
main aim of this study was to investigate the impact of
the cleavage stage biopsy technique on human embryo
morphology as determined by time-lapse imaging. The
availability of time-lapse devices allows visualisation of
developing embryos in a controlled environment with-
out any disruption to culture conditions. In this study an
‘Embryoscope’, a time lapse device from Unisense
Fertilitech was used. This device is composed of an
incubator with time-lapse microscopy, and an embryo
viewer workstation. The Embryoscope time-lapse sys-
tem provides images through different focal planes at
20 min intervals. Images that had been previously re-
corded were annotated according to morphological
markers such as the extrusion of the second polar body,
pronuclear appearance and disappearance, cleavage
checks and the start of cell compaction leading to blas-
tulation. Currently, 850 embryos from preimplantation
genetic screening cycles have been annotated and an
annotation policy has been produced. Analysis of these
data is currently ongoing.
P35. Evaluation of aneuploidy of chromosomes 1, 16,
12 and 18 in boar sperm samples
Sadraie M1, Fowler KE1, O’Connor RE1 and Griffin
DK1
1School of Biosciences, University of Kent, Canter-
bury, Kent, UK
High rates of chromosomal abnormalities in boar
sperm may be correlated to decreased fertility in boars
but not necessarily to decreased fertilising potential of any
given sperm. To date only a limited number of aneuploidy
studies on boar semen have been reported. In this study
we have made efforts to optimise fluorescence in situ
hybridisation (FISH) for use with boar spermatozoa to
test for chromosomal abnormality levels. FISHmay serve
as a useful tool to assess boar fertility, as well as
complementing morphological and functional assess-
mentswith genomic screening. Themain aim of this study
was to optimise dual colour FISH to test boar sperm
chromosomal abnormalities. Bacterial artificial chromo-
somes (BACs) specific to chromosomes of interest were
selected, grown and labelled by nick translation. A
multicolour FISH technique was developed to detect an-
euploidy in the sperm of boars using DNA probes specific
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for small regions of chromosomes 1, 16, 2 and 18. Alto-
gether, 2,032 sperm cells from 2 boars (Large white
breed) were examined. The average frequency of sperm
with disomy for chromosomes 1, 16 and 12 were 0.099,
0.099 and 0.097 % respectively. Disomy for chromosome
18 was not observed. The average frequencies of diploidy
were 0.099 % for 1-1-16-16 and 0.097 % for 12-12-18-
18. There was no significant difference between
rates of disomy and diploidy and the rate of disomy
did not differ significantly by chromosome. This study
will be repeated in a further 4 breeds in order to perform
a comparative study and minor breed-specific differ-
ences were noted.
P36. Face to face with the patient: a UK perspective
on PGS
Sage K1
1The London Bridge Centre/London Women’s
Clinic, UK
Preimplantation Genetic Diagnosis (PGD) has be-
come a widely accepted treatment for couples at risk of
having children with serious genetic conditions. Preim-
plantation Genetic Screening (PGS) however, has much
less acceptance in the UK. Despite emerging data
supporting the use of PGS using newer technologies able
to detect aneuploidy of all chromosomes in gametes or
embryos, there is still a lack of robust evidence from
randomized control trials. This “second generation”
PGS remains overshadowed by the disappointing out-
comes of the “first generation” PGS performed using
fluorescent in-situ hybridization (FISH); a technology
that screened a limited number chromosomes, was prone
to technical errors and demonstrated no improvement in
pregnancy rates after 10 years. A 2013 Cochrane review
of Assisted Reproductive Technology (ART) stated that
PGS is an “ineffective intervention” as it does not shown
an improvement in live birth rates. The report references a
PGS review from 2006 based on FISH technology. The
HFEA website information for patients last updated the
PGS pages in June 2009, and on these report average
success rates for the year 2008, again, based on FISH
studies. The HFEAmaintains that “centres are required to
validate the use of PGS (i.e. demonstrate there is evi-
dence) for each category of patients they offer it to (e.g.
advanced maternal age, recurrent implantation failure,
recurrent pregnancy loss and male factor infertility)”.
Against this background of uncertainty about the efficacy
of PGS, aneuploidy screening is increasing in private
practice in the UK, driven partly by patient demand and
by clinicians reviewing emerging data from clinics col-
laborating with laboratories to perform their own RCTs to
provide the robust data. Patients embarking on PGS
treatment need to fully understand the risks, limitations,
range of outcomes and potential benefits of the screening
and this service can be effectively provided by genetic
counselling. The genetic counseling role in ART is de-
veloping as increasing genomic advances are beginning
to penetrate into clinical practice. Genetic counselors can
provide education and support for patients, clinicians and
embryologists. In this session I discuss the expanding role
of the genetic counselor in ART and specifically in PGS.
Preparing patients for aneuploidy screening is essential so
that couples and individuals have a realistic understand-
ing of PGS screening in context of their medical and
fertility history. Establishing patients’ expectations prior
to starting treatment can be invaluable in how they adapt
to often negative outcomes which can affect their future
reproductive decisions. Offering continuing support
through the treatment cycle is also an integral part of
the genetic counselling process. Additionally, interpreting
aneuploidy results, reviewing embryology and pro-
viding recommendations pre-embryo transfer can
often be challenging especially if the results are
inconclusive. Critical time-constrained decision
making can alleviated by preparing patients for
the range of possible outcomes prior to treatment
start. Clinics offering PGS add an additional work-
load on embryology teams and genetic counselors can
facilitate decision making with patients prior to embryo
transfer. The genetic counselor role as a PGD/PGS
coordinator is central to managing an effective Genetic
Service within the context of ART.
P37. Reciprocal translocation and inversion carriers
have higher risk of partial aneuploidies than
Robertsonian translocation carriers
in Preimplantation Genetic Diagnosis (PGD) cycles
Sandalinas M1, Garcia-Guixé E1, Jiménez-Macedo A1,
Arjona C1, Balius E1, Alsina E1 and Giménez C
1Reprogenetics Spain, Barcelona, Spain
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20th International Chromosome Conference (ICCXX)
50th Anniversary, University of Kent, Canterbury, 1st–4th September 2014
Darren K. Griffin & Katie E. Fowler & Peter J. I. Ellis &
Dean A. Jackson
# Springer Science+Business Media Dordrecht 2015
Dear Colleagues—Welcome to ICCXX
On behalf of the International Chromosome and
Genome Society (ICGS), in September 2014 we wel-
comed several hundred delegates to the beautiful city of
Canterbury. The programme was distinguished as al-
ways by its high scientific interest and contained ample
opportunity for social interaction.
It is 50 years since Cyril Darlington first initiated the
(then “Oxford”) Chromosome Conferences and this
meeting was the 20th to be held. Dubbed by his biogra-
pher (Oren Solomon Harman) as “the man who invented
the chromosome”, Cyril Dean Darlington was born in
Chorley, Lancashire in 1903. He was educated at
Mercer’s School, Holborn, 1912–17, St. Paul’s School,
1917–20 and then, in 1920–23, came to Kent to study at
Wye College, Ashford—just down the road from the
conference venue. In 1923 he began an association of
more than 30 years with the John Innes Institute, starting
as a volunteer but later becoming head of Cytology in
1937 and Director in 1939. It was at the John Innes that
he did much of his groundbreaking work on chromo-
somes, augmented by expeditions overseas and through
collaboration with many distinguished British, American
and Russian colleagues. He resigned in 1953 and accept-
ed the Sherardian Professorship of Botany at Oxford
where he took a keen interest in the Botanic Garden,
creating “the Genetic Garden.” He vigorously promoted
the cause of teaching genetics in the University, retiring in
1971 and remaining in Oxford where he continued to
study and publish prolifically until his death in 1981.
Darlington’s legacy is that he was the world’s leading
expert on chromosomes of his time and one of the leading
biological thinkers of the twentieth century. He sought to
answer nature’s biggest biological questions such as how
species arise and how variation occurs. Often suffering
rebuke, isolation, and obscurity along the way, he lived
through Nazi atrocities, the Cold War, the molecular
revolution, eugenics, the Lysenko controversy, the Civil
Rights movement, the formation of the welfare state and
the differing social views of man’s place in the natural
world. Darlington’s work provoked him to ask questions
Chromosome Res
DOI 10.1007/s10577-014-9447-3
D. K. Griffin :K. E. Fowler : P. J. I. Ellis
School of Biosciences, University of Kent,
Canterbury CT2 7NJ, UK
D. A. Jackson
Life Sciences, The University of Manchester,
Carys Bannister Building, Dover St., Manchester M13 9PL,
UK
S31: ‘The Avian Genome Explosion’
Tom M Gilbert
Centre for GeoGenetics and Lundbeck Foundation
Pathogen Palaeogenomics Group, Natural History Mu-
seum of Denmark, University of Copenhagen
Over the past 3 years a global consortium has sequenced
and collated a dataset of 48 avian genomes, chosen to
represent at least one species of all avian orders. Thanks
to the expertise present among the collaborators, this
unique dataset has been mined in the phylogenetic and
evolutionary genomic context, in such a way that over
25 manuscripts are currently in peer review. I introduce
the history and rationale behind this project, provide a
rapid tour through some of the highlights of the dataset,
and end by describing what developments interested
parties can expect over the next year.
S32: Avian Chromonomics goes functional
Darren K Griffin1, Marta Farre2, Pamela Lithgow1,
Rebecca O’Connor1, Katie Fowler1, Michael N Roma-
nov1, Denis Larkin2
1School of Biosciences, University of Kent, Canterbury,
UK; 2Department of Comparative Biomedical Sciences,
Royal Veterinary College, University of London, NW1
0TU, London, UK
Whole chromosomes (and sub-chromosomal homolo-
gous synteny blocks (HSBs)) have great significance in
molecular studies of genome evolution. In birds, our
ability to define chromosomes and HSBs precisely has
however been impeded by a near intractable karyotype
and so has focused primarily on comparative molecular
cytogenetics (zoo-FISH) of the largest chromosomes (1–
10+Z). Availability of multiple avian genome sequence
assemblies has however allowed us, for the first time, to
identify chromosomal syntenies across species. In recent
work we have made use of comparative maps for 20+
avian genome assemblies (plus out-groups) and present-
ed them on “Evolution Highway” an open-access, inter-
active freely available comparative chromosome brows-
er designed to store and visualise comparative chromo-
somemaps. This browser (http://evolutionhighway.ncsa.
uiuc.edu) is used to visualize comparative genome
organization and to identify and visualize the different
types of evolutionary breakpoint regions (EBRs) in
chromosomes, e.g., lineage specific, ordinal,
superordinal, and reuse. Comparative analysis of all
available genomes is providing insight into the mecha-
nisms of chromosome change through correlation of
EBRswith transposable elements and non-allelic homol-
ogous recombination. Gene ontology analysis is reveal-
ing interesting correlations with avian specific pheno-
type and function. Focus on six genomes (chicken,
turkey, duck, zebra finch, ostrich and budgerigar) with
both the largest N50s and supporting molecular cytoge-
netic information, has allowed us to assemble a putative
ancestral avian karyotype and identify the key changes
that led to the gross genome organization of representa-
tives in the major avian clades (Palaeognathae,
Galliformes, Anseriformes and Neoaves). We describe,
for the first time, numerous inter-chromosomal rear-
rangements in a Paleoganthaeous bird (the ostrich), plus
rearrangements in the budgerigar (Psattaciformes) and
15 other species. Intra-chromosomal evolutionary
change in all species studied, can be derived, most
parsimoniously, by a series of inversions, inter-
chromosomal rearrangements by fissions and fusions.
Increased chromosome rearrangement is associated with
differentiation in certain clades, with the most
intrachromosomal changes (primarily inversions) occur-
ring in the zebra finch (Passeriformes) since its diver-
gence from its sister group, the Psittaciformes 54MYA,
This is coincident with the evolution of passerine-
specific phenotypes e.g. vocal learning. Results also
suggest that the Galloanserae (especially chicken)
underwent the fewest changes compared to the ancestral
karyotype; notably these birds appear, from fossil evi-
dence, to be the most similar to ancient avian ancestors.
We thus present the most comprehensive analysis of
chromosomal rearrangements in birds to date and draw
novel conclusions about their mechanisms of origin and
association with avian-specific phenotypic features.
O1: Human and mouse artificial chromosomes (HAC/
MAC), and their characteristics
Oshimura M1, Kazuki Y1, Uno N1, Hoshiya H2
1Chromosome Engineering Research Center, Tottori
University, Tottori, Japan; 2Cell and Developmental
Biology, University College London, London, UK
Human and mouse artificial chromosomes (HAC/
MAC) are exogenous mini-chromosomes artificially
generated mainly by either a ‘top-down approach’
(engineered creation) or a ‘bottom-up approach’ (de
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sequencing, the genetic and physical maps are not avail-
able for the majority of the de novo sequenced genomes.
To overcome this problem for assemblies that employ
long-insert libraries (5–40 Kbp) we recently developed
the reference-assisted chromosome assembly (RACA)
algorithm (Kim et al., 2013). This method relies on both
the raw sequencing data (reads) and comparative infor-
mation; the latter is obtained from alignments between
the target (de novo sequenced), a closely related
(reference) and more distantly related (outgroup)
genomes.
Using RACA followed by the manual FISH or PCR
verification steps we are reconstructing the chromosome
organisation of 19 bird species sequenced by the G10K
community. We use the publically available chicken
(Gallus gallus) and zebra finch (Taeniopygia guttata)
chromosome assemblies as either reference or outgroup
for each reconstruction depending on their phylogenetic
relationships with each target species. Initially, we
established the optimal RACA parameters for a bird
chromosome assembly reconstruction using the duck
(Anas platyrhynchos) and budgerigar (Melopsittacus
undulatus) super-scaffolds assembled with the support
from physical maps. This step allowed us to test the
reliability of RACA reconstructions for bird genomes.
Due to a higher evolutionary conservation of the bird
karyotype compared to the mammalian one, we have
achieved ~97 % accuracy of scaffold adjacencies in our
predicted chromosome fragments compared to the ~93–
96 % accuracies reported for mammals (Kim et al.,
2013). We detected ~4–28 % of scaffolds in different
target bird genomes that are either chimeric or contain-
ing genuine lineage-specific evolutionary breakpoint
regions. Some of these scaffolds will be selected for
follow up PCR or FISH verifications. All RACA recon-
structions will become publicly available from our Evo-
lution Highway comparative chromosome browser
http://evolutionhighway.ncsa.uiuc.edu/birds/ and will
be further utilised to study connections between the
chromosome evolution, adaptation and phenotypic
diversity in birds and other vertebrates.
O22: Reconstruction of the putative Saurian karyotype
and the hypothetical chromosome rearrangements that
occurred along the Dinosuar lineage
O’Connor RE1, RomanovMN1, Farré2 M, Larkin DM2,
Griffin DK1
1University of Kent, School of Biosciences, Canterbury,
Kent CT2 7NJ; 2Department of Comparative Biomedi-
cal Sciences, Royal Veterinary College, University of
London, London, NW1 0TU
Dinosaurs hold a unique place both in the history of the
earth and the imagination of many. They dominated the
terrestrial environment for around 170 million years
during which time they diversified into at least 1000
different species. Reptilia, within which they are placed
is one of the most remarkable vertebrate groups,
consisting of two structurally and physiologically dis-
tinct lineages—the birds and the non-avian reptiles, of
which there are 10,000 and 7,500 extant species respec-
tively. The dinosaurs are without doubt the most suc-
cessful group of vertebrate to have existed. They sur-
vived several mass extinction events before finally non-
avian dinosaurs were defeated 66 million years ago in
the Cretaceous-Paleogene extinction event, leaving the
neornithes (modern birds) as their living descendants.
Aside from the huge phenotypic diversity seen in this
group, the birds and non-avian reptiles interestingly
display similar karyotypic patterns (with the exception
of crocodilians); with the characteristic pattern of macro
and micro chromosomes, small genome size and few
repetitive elements, suggesting that these were features
exhibited in their common ancestor.
In this study, the availability of multiple reptile ge-
nome sequences (including birds) on an interactive
browser (Evolution Highway) allowed us to identify
multi species homologous synteny blocks (msHSBs)
between the putative avian ancestor (derived from six
species of extant birds), the Lizard (Anolis carolensis)
and the Snake (Boa constrictor). From these msHSBs
we were able to produce a series of contiguous ancestral
regions (CARs) representing the most likely ancestral
karyotype of the Saurian (ancestor of archosaurs and
lepidosaurs) that diverged from the mammalian lineage
280 mya. From this we have hypothesised the series of
inter and intra-chromosomal rearrangements that have
occurred along the dinosaur (archosaur) lineage to the
ancestor of modern birds (100 mya) and along the
lepidosaur lineage to the modern snake and lizard using
the model of maximum parsimony.
Our study shows that relatively few chromosomal
rearrangements took place over this period with an
average of one inter or intra-chromosomal (transloca-
tions and inversions respectively) rearrangement occur-
ring approximately every 2 million years. The majority
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of these rearrangements appear to be intra-chromosomal
suggesting an overall karyotypic stability, which is con-
sistent with that of that of modern birds. Our results
support the hypothesis that the characteristically avian
genome was present in the saurian ancestor and that it
has remained remarkably stable in the 280 million years
since. It is credible therefore to suggest that this ‘avian-
style’ genome may be one of the key factors in the
success of this extraordinarily diverse animal group.
P1: The analysis of transcriptional regulation by cohesin
and its loader with semi-in vitro reconstitution methods
Akiyama K, Bando M, Shirahige K
Research Center for Epigenetic Disease, Institute for
Molecular and Cellular Biosciences, The University of
Tokyo, Tokyo, Japan
Sister chromatid cohesion (SCC) is crucial to ensure
accurate chromosome segregation during mitosis. The
cohesin complex mediates SCC, and recent studies
show cohesin and NIPBL/Mau2 complex, a loader pro-
tein required for the loading of cohesin onto chromatin,
as important player in transcriptional regulation and
chromatin architecture. Discoveries of mutations in sub-
units of cohesin and NIPBL in human developmental
disorders, so-called cohesinopathies, reveal crucial roles
for cohesin in development, cellular growth, and differ-
entiation. However, it is still unclear how cohesin and its
loader work in the transcriptional regulation. To reveal
the complicated mechanisms played by cohesin and its
loader in transcriptional regulation, we applied in vitro
Pre-initiation complex (PIC) and Early Elongation
Complex (EEC) assembly systems. In this system, we
used the biotin-labeled DNA template, which contained
5xGAL4 DNA binding motifs, adenovirus late promot-
er sequence and a part of luciferase gene. After binding
of activator protein, GAL4-VP16 recombinant protein,
to this DNA, PIC and EEC assembly were induced by
addition of the nuclear extract from HeLa cells. Each
component of protein complex formed on template
DNA was monitored by Western blotting. We showed
that PIC factors, mediators, general transcriptional fac-
tors and RNA polII, were recruited to the template,
which depended on the activator-binding. Further, we
observed cohesin- and NIPBL/Mau2-binding to the
template, and their recruitments also depend on the
activator binding. Interestingly, cohesin seemed to get
more stably bound after addition of activator.
Furthermore, when we treated lysate with 5,6-
dichloro-1-β-D-ribofuranosyl-benzimidazole (DRB), a
cyclin-dependent kinase (CDK) inhibitor, we found that
DNA binding of NIPBL and Mau2 is dramatically en-
hanced. And we performed immunoprecipitation by
NIPBL antibody in PIC and EEC assembly condition,
and analized the interacting proteins by LC-MS/MS. As
a result, NIPBL interactedwithmediators only under the
activator-binding condition. Taken together, we propose
that cohesin-loader and cohesin together regulates step
that controls activation of mediators and paused RNA
polII nearby promoter.
P2: Crossing experiments reveal gamete contribution
into appearance of di- and triploid hybrid frogs
in Pelophylax esculentus population systems
Dedukh DV1, Litvinchuk SN2, Rosanov JM2, Shabanov
DA3, Krasikova AK1
1Department of Biology, Saint-Petersburg State Univer-
sity, Saint-Petersburg, Russia; 2Institute of Cytology,
Russian Academy of Sciences, Saint-Petersburg, Rus-
sia; 3Department of Biology, V.N. Karazin Kharkiv
National University, Kharkiv, Ukraine
Speciation through hybridization is connected with ap-
pearance of interspecies hybrids which can survive and
reproduce owing to changes in their gametogenesis. In
animals, these changes lead to appearance of clonal
animals, which for successful reproduction usually de-
pend on parental species and lack of recombination
during gamete formation. Polyploidization can resolve
these problems and may lead to emergence of new
species. Pelophylax esculentus complex (complex of
European water frogs) represents one of the appropriate
models for studying interspecies hybridization and pro-
cesses of polyploidization. Hybrid nature of the
P. esculentus (RL genotype, 2n=26) was confirmed
after crossings of two parental species P. ridibundus
(RR genotype, 2n=26) and P. lessonae (LL genotype,
2n=26). Nevertheless absence of one parental species
(P. lessonae) and abundance of triploid hybrid frogs
(RRL and LLR genotypes, 3n=39) in population sys-
tems at the East of Ukraine challenged us to understand
how di- and triploid hybrids can appear and prosper in
population systems where hybrids exist only with
P. ridibundus (R-E type population system). To answer
this question we performed cytogenetic analysis of tad-
poles appeared after artificial crossing experiments of
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contrast can be related to the different involvement of
sex-specific sex chromosomes in female meiosis sub-
jected to the female meiotic drive under male versus
female heterogamety. Essentially, the male-specific Y
chromosome is not involved in female meiosis and is
therefore sheltered against the effects of the female
meiotic drive affecting the X chromosome and auto-
somes. Conversely, the Z and W sex chromosomes are
both present in female meiosis. Nonrandom segregation
of these sex chromosomes as a consequence of their
rearrangements connected with the emergence of multi-
ple sex chromosomes would result in a biased sex ratio,
which should be penalized by selection. Therefore, the
emergence of multiple sex chromosomes should be less
constrained in the lineages with male rather than female
heterogamety. Our broader phylogenetic comparison
across amniotes supports this prediction. We suggest
that our results are consistent with the widespread oc-
currence of female meiotic drive in amniotes.
P8: Pds5 recruits Esco1 to establish sister chromatids
cohesion
Minamino M1, Ishibashi M1, Nakato R1, Sutani T1,
Tanaka H1, Kato Y1, Negishi L2, Hirota T3, Bando
M1, Shirahige K1
1Laboratory of Genome Structure and Function, Re-
search Center for Epigenetic Disease, Institute of Mo-
lecular and Cellular Biosciences, The university of To-
kyo, Tokyo, Japan.; 2Laboratory of Cancer Stem Cell
Biology, Research Center for Epigenetic Disease, Insti-
tute of Molecular and Cellular Biosciences, The univer-
sity of Tokyo, Tokyo, Japan. 3Cancer Institute of the
Japanese Foundation for Cancer Research (JFCR), To-
kyo, Japan.
Sister chromatids cohesion is mediated by cohesin and is
essential for accurate chromosome segregation. The
cohesin subunit SMC1, SMC3 and Rad21 form a huge
tripartite ring within which sister DNAs are thought to
be entrapped. This event requires the establishment of
cohesion via the acetylation of SMC3 by Esco1 and
Esco2 acetyltransferase in human. These two proteins
function in partially non-redundant manner, and behave
differently from each other during the cell cycle. The
Esco2 protein is only detected in S phase and is degrad-
ed by the proteasome after DNA replication. In contrast,
Esco1 binds to chromosomes throughout the cell cycle
and undergoes phosphorylation during mitosis. Despite
the critical role of two Esco proteins in establishment of
cohesion, the regulation of these proteins is largely
unexplored. Recent studies have reported not only that
fission yeast Pds5 interacts with Eso1 in a yeast two-
hybrid assay, but also that Pds5 is essential for SMC3
acetylation at least in yeast and in mouse embryonic
fibroblasts (MEFs). It is therefore suggested that eluci-
dating the functional mechanism of Pds5 would provide
a clue to understand the regulatory mechanism of Esco1
and Esco2. Here, we show that Pds5, a cohesin regula-
tory subunit bound to Rad21, is essential for Esco1 to
establish cohesion via SMC3 acetylation whereas it
would be dispensable for Esco2 activity. Correspond-
ingly, Pds5 interacts exclusively with Esco1, and this
depends on Esco1 unique domain. Replacement of en-
dogenous Esco1 by its mutant unable to interact with
Pds5 reveals the requirement of this interaction for the
establishment of cohesion. We further demonstrate that
Esco1 localizes to cohesin binding sites during inter-
phase, which requires the Esco1-Pds5 interaction. These
results indicate that Pds5 recruits Esco1 to cohesin bind-
ing sites to establish sister chromatids cohesion. More-
over, our systematic mass spectrometric analysis of
Esco1 identifies 7 sites as the mitosis-specific phosphor-
ylation sites, among which 1 site resides within the
Pds5-binding region. We found that this phosphoryla-
tion depends on Aurora B kinase, and that it attenuates
the interaction of Esco1with Pds5.We therefore propose
that Aurora B suppresses Esco1 activity during mitosis.
P9: Evaluation of aneuploidy of autosome
chromosomes in boar sperm samples
Sadraie M, Fowler KE, O’Connor RE, Griffin DK
School of Biosciences, University of Kent, Canterbury,
Kent, CT2 7NJ, UK
High rates of chromosomal abnormalities in boar sperm
may be correlated to decreased fertility in boars but not
necessarily to decreased fertilising potential of any giv-
en sperm. To date only a limited number of aneuploidy
studies on boar semen have been reported. In this study
we have made efforts to optimise fluorescence in situ
hybridisation (FISH) for use with boar spermatozoa to
test for chromosomal abnormality levels. FISH may
serve as a useful tool to assess boar fertility, as well as
complementing morphological and functional assess-
ments with genomic screening. The main aim of this
study was to optimise dual colour FISH to test boar
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sperm chromosomal abnormalities. Bacterial artificial
chromosomes (BACs) specific to chromosomes of in-
terest were selected, grown and labelled by nick trans-
lation. A multicolour FISH technique was developed to
detect aneuploidy in the sperm of boars using DNA
probes specific for small regions of autosome chromo-
somes (1–18). Altogether, 22,226 sperm cells from 3
breeds (Large white, Landrace and Hampshire) were
examined. The average frequencies of sperm with
disomy for all autosome chromosomes were 0.099 %.
The average frequencies of diploidy for all autosome
chromosomes were 0.189 %. There was no significant
difference between rates of disomy and diploidy and the
rate of disomy did not differ significantly by chromo-
some. This study will be repeated in a further three
breeds in order to perform a comparative study and
minor breed-specific differences were noted.
P10: Mitotic and meiotic chromosomes of Tityus
mattogrossensis and Tityus silvestris (Scorpiones,
Buthidae)
Mattos VF 1, Carvalho LS2,3, Carvalho MA4, Schneider
MC5
1Departamento de Biologia, Universidade Estadual
Paulista, Rio Claro, SP, Brazil; 2Universidade Federal
do Piauí, Floriano, PI, Brazil; 3Programa de Pós-
Graduação em Zoologia, Universidade Federal de
Minas Gerais, Belo Horizonte, MG, Brazil ;
4Departamento de Biologia e Zoologia, Universidade
Federal de Mato Grosso, Cuiabá, MG, Brazil;
5Departamento de Ciências Biológicas, Universidade
Federal de São Paulo, Diadema, SP, Brazil
Species of the subgenus Tityus (Archaeotityus) are small
and highly pigmented scorpions. In this work, two spe-
cies of T. (Archaeotityus)—T. mattogrossensis and
T. silvestris—were cytogenetically studied in order to
establish the diploid number, chromosome behaviour
during meiosis, distribution of the nucleolar organiser
regions (NORs) and verify the occurrence of intra/
interspecific and/or intra/interpopulational chromosomal
variations. Chromosome preparations were obtained
from testes of adult specimens, which were collected in
different localities from the state of Mato Grosso, Brazil:
nine males of T. mattogrossensis from Chapada dos
Guimarães (5♂), Cuiabá (3♂) and Poconé (1♂), and nine
males of T. silvestris from Cláudia. The slides were
submitted to standard staining with Giemsa and silver
impregnation. Chromosomes of both species were
holocentric, presented synaptic and achiasmatic behav-
iour during meiosis I and multivalent complex associa-
tions in postpachytene cells. Tityus mattogrossensis
showed intra and interpopulational variation in diploid
number: 2n=20 (3♂ from Chapada dos Guimarães), 2n=
19 (2♂ from Chapada dos Guimarães and 3♂ from
Cuiabá) and 2n=14 (1♂ from Poconé). In T. silvestris,
all individuals analysed exhibited 2n=16. In both species,
the chromosomes gradually decreased in size. The study
of postpachytene nuclei of T. mattogrossensis revealed an
additional intraindividual variability: two males (2n=19
and 2n=20) exhibited 100 % of the cells with 10 biva-
lents; two specimens (2n=19 and 2n=20) presented in
100 % of the nuclei examined eight bivalents plus one
chain of four elements (8II+CIV); two males (2n=19)
showed 41.30 % and 58.70 % of the cells with nine and
10 bivalents, respectively; one specimen (2n=20) exhib-
ited nuclei with nine (75.34 %) and 10 (24.66 %) biva-
lents; one individual (2n=19) revealed cells with nine
bivalents (23.53 %), 10 bivalents (29.41 %), seven biva-
lents plus one chromosome chain constituted of four
chromosomes (7II+CIV) (17.65 %) and eight bivalents
plus one chain of four elements (8II+CIV) (29.41%); one
male (2n=14) showed seven (44 %) and eight bivalents
(56 %). The postpachytene nuclei of all individuals of
T. silvestris showed two bivalents plus one chromosomal
chain constituted of 12 chromosomes (2II+CXII)
(68.91 %) and one bivalent plus one chain of 12 chro-
mosomes (1II+CXII) (31.09 %). Metaphase II cells of
T. mattogrossensis revealed n=9 and n=10, indicating
the regular chromosome segregation during anaphase I,
with the exception of one individual (2n=14) that pre-
sented n=8. All sample of metaphase II cells of
T. silvestris showed n=8 chromosomes. In both species,
silver-impregnated mitotic metaphase cells revealed
NORs on the terminal region of two to four chromo-
somes. The high variability of diploid number observed
in T. matogrossensis had previously been described in
only one Tityus species, T. bahiensis, which belongs to
subgenus Tityus. Within the subgenus Archaeotityus, on-
ly three species were cytogenetically analysed,
T. maranhensis (2n=20), T. matogrossensis (2n=20)
and T. paraguayensis (2n=16). Nevertheless, the occur-
rence of multivalent associations in meiosis I is a com-
mon feature for species of all subgenera investigated and
were probably originated by chromosomal rearrange-
ments of the fission/fusion-type. Financial Support:
FAPESP (2013/11840-0; 2011/21643-1).
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sequences duplicated from essentially every chromo-
some in the ancestral karyotype. Although most genes
on the B chromosome are fragmented, a few are largely
intact and present B-specific variations related to single
nucleotide polymorphisms (SNPs). Among these high
intact sequences, genes involved with cell cycle (micro-
tubule organization, kinetochore structure, recombina-
tion and progression through the cell cycle) were detect-
ed. Looking for a better undertanding of the gene activ-
ity related to the B chromosome of A. latifasciata, we
conducted whole transcriptome sequencing of brain and
muscle tissues of males and females with (B+) and
without (B−) B chromosome of A. latifasciata. Using
Illumina Hi-Seq2000 sequencing we generated approx-
imately 30 millions of 100 bp paired-end reads in each
library. The reads were mapped to the cichlid
Metriaclima zebra reference genome using Tophat soft-
ware and visualized in the JBrowse browser. Based on
SNPs analysis, we identified transcript variants for
Separin and Tubulin beta-1 genes derived from the B
chromosome. The B-variant transcripts of Tubb-1 gene
were observed in brain and muscle of B+ males and
females. B-variant transcripts of Separin were observed
in B+ samples of brain of both sex, but only observed in
female muscle and not from male muscle. Our data
together with previous description of cell cycle genes
in the Bs of diverse organisms as animal and fungal
species, strongly suggest such genes may play a role in
driving the transmission of the B chromosome in their
hosts.
P61: Avian chromosomes in the lampbrush phase:
contribution to developmental biology, cell biology
and comparative cytogenetics
Gaginskaya ER
Biological Faculty, Saint-Petersburg State University,
Saint-Petersburg, Russia
Our initial study of avian oogenesis has shown a funda-
mental difference between birds and other vertebrates in
functional organization of germinal vesicles. A peculiar
type of avian oogenesis is mainly defined by selective
repression of ribosomal genes in oocytes and lack of
nucleoli (both chromosomal and amplified) throughout
the entire diplotene stage in the ovary of adult females.
In the meantime, simultaneous widespread transcription
of RNA from thousands of promoters results in chro-
mosome transfiguration into the so-called lampbrush
chromosomes with the typical chromomere-loop orga-
nization. Lampbrush phase chromosomes have giant
sizes (about 30 times longer than the corresponding
mitotic chromosomes) and, being clearly differentiated
throughout their lengths, provide a good ground for their
individual identification and mapping of both cytologi-
cal and molecular chromosome markers. Through ad-
aptation of the technique of manual chromosome dis-
section from amphibian oocytes to avian lampbrush
chromosomes, a new object was introduced into
lampbrushology. The peculiarities of oocyte nuclei in
Galliform species (lack of extrachromosomal struc-
tures), the features of both avian genomes (small size
and low percentage of highly repeated DNA) and kar-
yotypes (10 pairs of macro- and 29–30 pairs of
microchromosomes) along with the data on sequenced
chicken genome make avian lampbrush chromosomes
an efficient tool for high precision gene mapping using
immunofluorescence and FISH specific probes. The
results of the long-term study of avian lampbrush chro-
mosomes carried out by Saint-Petersburg University
team are reviewed. Special focus is made on the avian
lampbrush chromosomes as a promising system for an
insight into chromosome organization and functioning,
as well as on the recent data on identification and
c h a r a c t e r i z a t i o n o f c h i c k e n ma c r o - a n d
microchromosomes with an exclusively high resolution.
This research is currently supported by RF Pro-
gramme “Leading Scientific Schools” (project #
3553 .2014 . 4 ) and SPbU gran t ( p r o j e c t #
1.37.153.2014). The research has been conducted using
the facilities of “Chromas” SPbU Resourse Centre.
P62: Inter and intra chromosomal rearrangements
in avian microchromosomes
Lithgow PE1, O’Connor RE1, Smith D1, Fonseka G1, Al
Mutery A1, 2, Rathje C1, Frodsham R3, O’Brien P4,
Ferguson-Smith MA4, Skinner BM1,5, Griffin D K1
1School of Biosciences, University of Kent, Canterbury,
UK; 2Department of Applied Science, University of
Sharjah, United Arab Emirates; 3Cytocell Ltd, Newmar-
ket Road, Cambridge, UK; 4School of Clinical and
Veterinary Medicine, University of Cambridge, Cam-
bridge, UK; 5Department of Pathology, University of
Cambridge, Cambridge, UK
Avian genome organization is characterised, in part, by a
set of microchromosomes that are unusually small in
Chromosome Res
size and unusually large in number. Although contain-
ing about a quarter of the genome, they contain around
half the genes and three quarters of the total chromo-
some number. However, due to a lack of probes effec-
tively hybridising cross species bird micro-
chromosomes have not been extensively studied. Chro-
mosomal rearrangements play a key role in genome
evolution, fertility and genetic disease and thus tools
for analysis of the microchromosomes are essential to
analyse such phenomena in birds. Chicken
microchromosomal paint pools were produced flowing
flow sorting of chicken microchomosomes and
characterised using chicken BAC probes (CHORI-
261). These new molecular tools were used across
species for Zoo-FISH on Anas platyrhynchos,
Taeniopygia guttata, Falco rusticolus, Chlamydotis
undulate and Melopsittacus undulatus, creating a
clearer picture of microchromosomal rearrange-
ments between these avian species. Micro-
chromosome assignment allows more detailed
comparison between species. This comparison con-
firms synteny of micro-chromosomes in most bird
species. As predicted fusions were identified in
Falco rusticolus and Melopsittacus undulatus,
which have an atypically low diploid chromosome
number for an avian karyotype of only 2n=50 and
62 respectively, indicating extensive chromosomal
fusions from the ancestral avian karyotype.
P63: Avian ancestral karyotype reconstruction
and differential rates of inter-and intra-chromosomal
change in different lineages
Romanov MN1, Farre M2, Lithgow PE1, O’Connor R1,
Fowler KE1, Skinner BM3, Larkin DM2, Griffin DK1
1School of Biosciences, University of Kent, Canterbury,
UK; 2Department of Comparative Biomedical Sciences,
Royal Veterinary College, University of London, Lon-
don, NW1 0TU; 3Department of Pathology, University
of Cambridge, Cambridge, UK
In birds, genome is organised into several large chro-
mosomes (macrochromosomes) and many smaller chro-
mosomes (microchromosomes) that usually constitute
about 25 and 75 % of the karyotype, respectively. Cy-
togenetic and molecular cytogenetic evidence suggests
that avian karyotype is remarkably stable in evolution,
with exception of several clades. To date, at least 21
avian genomes have been sequenced and assembled at
the chromosome or scaffold level with N50 greater than
2 Mb, thereby allowing cytogenomic studies of chro-
mosome organisation and change. To understand the
comparative organisation and evolution of several avian
species, we aligned chromosomes and scaffolds using
an interactive genome browser (Evolution Highway),
identifying homologous synteny blocks (HSBs) and
evolutionary breakpoint regions (EBRs). For ancestral
karyotype reconstruction, we focused on six species
(chicken, turkey, duck, zebra finch, ostrich, and budger-
igar; N50>10 Mb) and reconstructed avian ancestor
chromosomes using an outgroup (Anole lizard). In par-
ticular, we addressed the following biological questions:
(1) whether species-specific EBRs could represent re-
combination hotspots, and (2) whether entire
microchromosomes could be considered as blocks of
conserved synteny. Our study did not reveal a significant
association between EBRs and recombination. With
support from molecular cytogenetic mapping, we did
find that microchromosomes are characterised by a high
interchromosomal conservation in almost all birds stud-
ied, except ostrich and parrots (budgerigar). By
analysing HSBs in six birds and using a lizard
outgroup,, we reconstructed a tentative avian ancestral
genome and chromosomal rearrangements that occurred
in the major avian evolutionary lineages. We identified
most intrachromosomal changes (mostly inversions) in
the zebra finch clade (Passeriformes) since the time
when it diverged from the sister group of parrots
(Psittaciformes) 54MYA. Our data also suggest the
fewest number of chromosomal changes in the chicken
as compared to the dinosaur-like avian ancestor.
Chromosome Res
E-Mail karger@karger.com
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 July 10–13, Foz do Iguaçu, Brazil
21st International
Chromosome Conference (ICC)
A venue that offers a diversity of scientific approaches to chromosome 
biology and a diversity of wildlife in Iguaçu National Park 
 
amazing diversity of life, including over 2,000 species of 
vascular plants, exotic mammals such as tapirs, giant ant-
eaters, howler monkeys, ocelots, and jaguars, in addition 
to hundreds of different bird species and thousands of 
different insects, the choice of Foz is an excellent analogy 
for the diverse approaches and systems chromosome bi-
ologists explore, and that will be emphasized throughout 
this conference.
The 2016 ICC program offers seven sessions, begin-
ning with a session on Chromosome Structure and Nu-
clear Architecture, highlighting the influences and inter-
actions chromosomes have on the three-dimensional 
space of the nucleus. Session II will focus on Specialized 
Chromosomes, such as sex chromosomes and B chromo-
somes, whose structure and behavior are often distin-
guished from that of autosomal chromosomes. Popula-
tion and Evolutionary Chromosome Biology, the third 
session, covers a synthesis of chromosome biology and 
The International Chromosome Conferences (ICC) 
originated from the Oxford Chromosome Conferences, 
inaugurated by C.D. Darlington and K.R. Lewis in 1964 
and held subsequently in England in 1967 and 1970. The 
Chromosome Conference grew to an international event 
with its fourth meeting, held in Jerusalem, Israel in 1972, 
heralding the beginning of 40 years of technological ad-
vances that have expanded our understanding of chro-
mosome biology in model and non-traditional biological 
systems. Having been hosted in Europe and the United 
States 16 times since then, this year the ICC will be held 
across the equator in Foz do Iguaçu, Brazil, on July 10–13, 
2016. The event will bring scientists from across the globe 
to a biannual meeting focused on modern advances in 
chromosome biology, technology and theory. The Iguaçu 
National Park, a UNESCO World Heritage Centre, in-
cludes the Iguaçu Falls and has been chosen as one of the 
‘New Natural Seven Wonders of the World’. Home to an 






































 Characterization of Translocation by Chromosome 
Sequencing on Flow-Sorted Chromosomes:
Robust Methods for Identification of Genomic 
Breakpoint Junctions 
 F. Kasai a , J. Pereira b, c , N. Hirayama a , S. Shioda a , A. Kohara a ,
M. Ferguson-Smith b 
 a Japanese Collection of Research Bioresources (JCRB) Cell 
Bank, National Institutes of Biomedical Innovation, Health and 
Nutrition, Osaka, Japan;  b Department of Veterinary Medicine, 
University of Cambridge, and  c Cytocell Ltd., Cambridge, UK 
 Chromosome translocation is a key feature in chromosome ab-
normalities and can lead to the formation of a fusion gene. Al-
though it is identified by cytogenetic analysis based on banding 
patterns or chromosome painting, it is hard to characterize the 
breakpoint at the sequence level. Chromosome sorting by flow cy-
tometry shows flow karyotypes and enables us to generate chro-
mosome painting probes. Abnormal chromosomes are often 
found to form weak peaks in the flow karyotypes, allowing distin-
guishing them from normal alleles. In this study, we sorted de-
rivative chromosomes in a human tumor cell line, Ishikawa 3-H-
12, and a dog cell line, MDCK, to characterize their genomes. Ap-
proximately 2,000 chromosomes of t(9; 14) from the Ishikawa cell 
line and t(27;X) from MDCK were amplified by a WGA kit used 
for preparation of the genomic DNA fragment library.  Chromo-
some-specific sequencing was performed by the Ion PGM se-
quencer. The breakpoint junction in der(9) was identified at 9p24.3 
and 14q13.1, with the formation of a fusion gene. Sequence analy-
sis of coding regions around 14q13.1 based on the Ion Ampliseq 
technology showed the differences of SNP frequencies between the 
upstream and downstream regions of the breakpoint junction. The 
genomic breakpoint junctions unique to each cell line can be pre-
cisely determined through chromosome sequencing.
 E-Mail: k-230  @  umin.ac.jp
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 Analysis of a Noncoding Region of the  SIX3  Gene in 
Patients with Holoprosencephaly 
 J. Marino a, b , N.A. Bergamo b , R.H. Rocha b , R.M.O.F. Curado b ,
S.K. Hong c , P. Hu c , E. Roessler c , M. Muenke c , L. Ribeiro-Bicudo b 
 a UNESP – São Paulo State University ‘Julio de Mesquita Filho’, 
 b Federal University of Goiás, Goiânia, Brazil;
 c National Institute of Health, Bethesda, Md., USA 
 Holoprosencephaly (HPE) is characterized by a defect of the 
middle line of the embryonic forebrain, when a segmentation fail-
ure of the previous neural tube occurs. Mutations in the  SHH, 
ZIC2, SIX3  genes were detected and are related to 33% of cases, but 
few studies about the noncoding region are available. Mutations in 
the gene  SIX3 are present in 1.3% of HPE cases in humans and are 
associated with a complex phenotype, varying from a single central 
incisor to ciclopy. A total of 44 individuals with HPE, registered at 
the database of the Rehabilitation Craniofacial Anomalies Hospi-
tal, USP, Bauru, were analyzed by next-generation sequencing in 
the laboratory of the National Human Genome Research – Na-
tional Institutes of Health, Bethesda, Md., USA. The Illumina Plat-
form HiSeq2000 was used and the analysis made in paired-end 
reads of 100 bp to analyze noncoding elements of the  SIX3 gene in 
15 male and 29 female samples with heterogeneous phenotypes of 
HPE. All patients have some type of cleft, hypotelorism, and mi-
crocephaly. We found 28 variants, 27 SNPs and 1 indel. Twenty 
alterations have already been described, while 8 other dbSNP have 
not been described; 24 are located in the intergenic region, 2 in the 
3 ′ UTR, and 1 upstream of the gene. Although the mapping of 
complex disease genes is difficult, an increase in the number of 
susceptibility genes has been identified as a result of the availabil-
ity of the complete genomic sequence, dense marker maps, and 
high yield genotyping platforms. However, in many cases, the true 
susceptibility variant(s) remain unknown and extremely difficult 
to identify. The identification which of those millions of variants 
is functional is important for health and research, and bioinfor-
matics methods are required to assess the probability of function-
ality based on extensive experimental data.
 Financial support: CAPES.
 E-Mail: jumarino22  @  hotmail.com
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 Upgrading Molecular Cytogenetics to Study 
Reproduction and Reproductive Isolation in 
Mammals, Birds, and Dinosaurs 
 R.E. O’Connor a , J. Damas b , M. Farré b , M.N. Romanov a , H. Martell a ,
G. Fonseka c , R. Jennings a , L. Kiazam a , S. Bennett a , J. Ward a ,
A. Mandawala c , S. Joseph a , R. Frodsham d , M. Lawrie d , A. Archibald e , 
G.A. Walling f , K.E. Fowler c , D.M. Larkin b ,  D.K. Griffin a 
 a School of Biosciences, University of Kent, Canterbury, 
 b Department of Comparative Biomedical Sciences, Royal 
Veterinary College, University of London, London,
 c Canterbury Christchurch University, Canterbury,  d Cytocell Ltd, 
Newmarket Road, Cambridge,  e The Roslin Institute, R(D)SVS, 
University of Edinburgh, Division of Genetics and Genomics, 
Easter Bush, Midlothian, and  f JSR Genetics, Southburn,
Driffield, UK 
 The past 10–15 years have seen a revolution in the field of ge-
nomics, first with the human genome project, followed by those of 
key model and agricultural species (chicken, pig, cattle, sheep) and, 
most recently,  ∼ 60 de novo avian genome assemblies. The ultimate 
aim of a genome assembly is to create a contiguous unbroken 
length of sequence from p- to q-terminus to facilitate studies of 
gene mapping, trait linkage, phylogenomics, and gross genomic 
organization/change. Chromosome rearrangements are biologi-
cally relevant both in the context of reduction in reproductive ca-
pability of individual animals and in the establishment in repro-
ductive isolation as species evolve and diverge. Moreover, a karyo-
type effectively represents a low-resolution map of the genome of 
any species. In investigating all these aspects, FISH remains the 
tool of choice, and this study describes a step change in its use thus: 































genome assemblies to develop a device for the screening of both 
overt and subtle chromosome rearrangements. This device worked 
successfully and was the basis for the development of a routine 
screening test now used in the pig (and potentially in the future the 
cattle) breeding industries. The work also facilitated an assay of the 
integrity of the respective genome assemblies, revealing serious
errors in sub-telomeric builds of pig chromosomes. Numerous 
translocations were detected, most notably a 5: 6 cryptic transloca-
tion that would not have been detected by classical means. (2) Iso-
lation of evolutionarily conserved sequences from the chicken and 
zebra finch genome builds to develop similar probes and devices 
designed to assay for comparative genomics and genome evolution 
in any avian species. This device worked on the chromosomes of 
all species attempted and successfully detected chromosomal rear-
rangements. The hypothesis that certain groups were under con-
stant change was accepted for Psittaciformes species but not Fal-
coniformes. (3) Use of the technology developed in 1 and 2 to com-
plete scaffold-based genome assemblies in several key avian species 
recently sequenced. We have nearly completed the genome assem-
blies of peregrine falcon, pigeon, budgerigar, and ostrich genomes 
at the full chromosomal level and the information was uploaded to 
Evolution Highway. (4) Use of bioinformatic tools to re-create the 
overall genome structure (karyotype) of both Saurian and Avian 
ancestors, then retrace the gross evolutionary changes that have 
occurred down the dinosaur (and various avian) lineages. Gene 
ontology analysis of homologous synteny blocks and evolutionary 
breakpoint regions revealed enrichment for genes involved in 
chromosome rearrangement (consistent with the formation of the 
signature fragmented karyotype of birds (and probably dinosaurs), 
and body size, consistent with the overall gross reduction in size as 
dinosaurs evolved into birds. Taken together, these results repre-
sent significant novel insights into gross genomic organization and 
rearrangements in extant and extinct terrestrial vertebrates. It has 
the added benefit of developing both physical and online tools for 
future use in academic studies and for feeding a growing global 
population.
 E-Mail: D.K.Griffin  @  kent.ac.uk
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 Domestication and Repetitive DNA Genome
Fraction in  Capsicum chinense 
 M.V. Romero da Cruz a , M. Vaio b , E.R. Forni Martins a
 a Department of Botany, Institute of Biology, Universidade 
Estadual de Campinas, Campinas, Brazil;  b Deparment of Plant 
Biology, Universidad de la República, Montevideo, Uruguay 
 The chili pepper  Capsicum chinense belongs to the Solanaceae 
family. It is a diploid, self-pollinating crop and is closely related to 
potato, tomato, eggplant, tobacco, and petunia. It is 1 of the 5 do-
mesticated chili peppers with several commercial varieties. The 
species is native to South America with the center of diversity in 
the Amazon biome. Many authors have questioned the species sta-
tus of  C. chinense,  perhaps because it is the least known of the  5 
domesticated taxa with respect to the center of origin and probable 
 progenitors. To gain a better understanding of  C.  chinense evolu-
tion and domestication, we used a next-generation low-coverage 
sequencing of the cultivated pepper  Habanero ( C. chinense Jacq.) 
and the wild  C. chinense and a graph-based clustering approach
for the repeat sequence characterization as implemented in the 
RepeatExplorer pipeline. In total, we identified that more than 
60% of the genome of both the cultivated and wild  C. chinense was 
represented by repetitive sequences. Both class I and II transpos-
able elements were present. The predominant type of transposable 
element was the long terminal repeat (LTR) retrotransposons ac-
counting for 31.25% of the genome. Most of the LTRs were  Gypsy 
 elements. An accumulation of members of the  Caulimoviridae 
pararetrovirus family was also observed. A large number of  Cauli-
moviridae elements have previously been detected in  C. annum 
and other Solanaceae species and might have had a role in the ex-
pansion of the pepper genome in both heterochromatic and eu-
chromatic regions. No differences in type or percentage of repeti-
tive sequences were observed between the cultivated and wild 
forms. This fact suggests that the domestication process in this 
species did not affect this genome fraction which seems quite con-
served.
 Financial support: CNPq.
 E-Mail: romero.mariav  @  gmail.com
 VII.15 
 Comparative Male and Female Characterization 
and Expression of the  dmrt1 Gene of  Apareiodon sp. 
(Characiformes, Parodontidae) 
 M.O. Schemberger a , A.P. Schnepper a , V. Nogaroto a , G.T. Valente b ,
É. Ramos b , C. Martins b , R.F. Artoni a , M.C. Almeida a , M.R. Vicari a 
 a Programa de Pós-Graduação em Biologia Evolutiva, 
Universidade Estadual de Ponta Grossa, Ponta Grossa, and 
 b Universidade Estadual de São Paulo, Botucatu, Brazil 
 The DMRT (doublesex and mab-3 related transcription factor) 
gene family is widely conserved from invertebrates to humans. 
Vertebrate  Dmrt1 gene expression occurs predominantly in testis 
and is a strong candidate for male sex-determining gene studies. 
In this respect, the understanding of the function of  Dmrt1 in sex 
determination is important for understanding the cascade of sex 
differentiation. Structural characterization of the  dmrt1 locus and 
protein prediction of  Apareiodon sp. was conducted by bioinfor-
matic analyses of male and female genomes sequenced by Illumina 
HiSeq and PCR amplification of cDNA using specific primers. Ex-
pression of  dmrt1 of 8 adult male and female  Apareiodon sp. (ZZ/
ZW) was quantified by qRT-PCR. We found 5 exons of  dmrt1 
which contain 887 bp for male and female. The protein has 2 do-
mains, the DM DNA-binding domain and doublesex mab3-relat-
ed transcription factor 1. Promoter prediction of  ∼ 6,000 bp up-
stream of the gene revealed 8 similar/equal regions between male 
and female. However, 8 regions were different, characterized by 6 
additional regions (insertions) in female and 2 additional regions 
(insertions) in male. SSA (Signal Search Analyses Server) software 
detected a TATA box, initiator and GC-box promoters in male, 
and initiator and GC-box promoters in female. Several relicts of 
transposable elements were found in the promoter region, 
HatN45_DR (54 bp) was present in the male GC-box, Mariner-1 
SSA (150 bp) in the female GC-box, L2–5_GA (162 bp) in male 
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